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Summary

The objective of this Thesis was to analyse TrkC-mediated signalling in human neurons
following activation of this receptor tyrosine kinase by its ligand neurotrophin-3 (NT3). Neurons
were generated from human embryonic stem cells and found to express the brain-derived
neurotrophic factor (BDNF) receptor TrkB at higher levels than TrkC. Whilst this dual
expression reflects the situation in the mammalian CNS where most neurons express both
receptors, it significantly complicates the analysis of NT3-mediated TrkC signalling as NT3
also readily activates TrkB. As a result, very little is known about TrkC activation by NT3 in
neurons. To gain mechanistic insights about the impact of selective TrkC activation, human
embryonic stem cells were engineered to eliminate ligand-activated forms of TrkB using the
CRISPR/Cas9 system. Neurons generated from these engineered cells were found to express
unchanged levels of TrkC and gene expression was analysed by RNAseq following TrkC
activation by NT3. The transcriptional changes turned out to closely resemble those previously
observed following TrkB activation. They include a number of genes associated with neuronal
activity and synaptic plasticity, including a rapid increase in the levels of Arc/Arg3.1, a post-
synaptic protein extensively studied in the context of synaptic plasticity. The overall conclusion
is that TrkC can be activated in human neurons by picomolar concentrations of NT3, lower
than the concentrations of BDNF required to activate TrkB, and that TrkC activation leads to
changes relevant to synaptic plasticity. The selectivity of NT3/TrkC signalling in neurons co-
expressing TrkB is suggested to be determined by the availability of the ligand, not by the
downstream consequences of Trk activation. This notion is in line with previous results
indicating that the expression of BDNF and NTF3 in neurons is regulated by different

mechanisms.
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Chapter 1 - General Introduction

1.1. Growth factors in the nervous system

Growth factors are proteins that are either secreted by conventional or by unconventional
pathways from the cells synthesising them (Nickel 2010). They allow short-range
communication with other cells in close proximity. In the nervous system, growth factors play
critical roles from the earliest stages of development (for review, see Wilson and Edlund 2001).
For example, bone morphogenetic proteins (BMPs), fibroblast growth factors (FGFs) and

Wingless-and-Int-1s (Wnts) and their pathways are involved in neural induction.

1.1.1. Discovery of Nerve Growth Factor

Whilst forward genetics with model systems such as Drosophila melanogaster was key to the
discovery and the delineation of the signalling pathways of many growth factors, neurotrophins
and their tyrosine kinase receptors were discovered following a series of observations made
with developing vertebrate embryos (for review, see Hamburger 1993). These observations
included experimental manipulations such as limb removals and it was found that somehow,
the presence or the absence of a limb to be innervated plays a role in the size of the neural
structure innervating them (Shorey 1909; Hamburger 1934). Subsequently, Elmer Bueker
(Bueker 1948) and Rita Levi-Montalcini then went on to show that transplantation of mouse
tumour cells onto developing chick embryos resulted in the growth of both sensory and
sympathetic neurons in the direction of the tumour cells. It was then realised that the tumour
cells used secreted a diffusible growth factor (Levi-Montalcini and Hamburger 1951), later
purified from the adult male mouse submandibular gland and named Nerve Growth Factor
(NGF, Cohen and Levi-Montalcini 1957). Moreover, it was shown that an antiserum blocking
the biological activity of NGF eliminated most of the peripheral sympathetic nervous system
when administered to new-born rodents (Cohen 1960; Levi-Montalcini and Booker 1960).
These experiments had thus proven both the existence of the first nerve growth factor as well

as its in vivo biological relevance.

1.1.2. Discovery of Brain-derived neurotrophic factor

It then took around 2 decades for the field to realise that NGF was actually the first member
of a small family of closely related proteins to have been characterised (Bothwell 2014) and a
growth factor with characteristics similar to NGF was reported in the early 1980’s (Barde et al.
1982). As it was purified from brain tissue, it was named brain-derived neurotrophic factor

(BDNF) and its properties include the prevention of the death of embryonic neurons during

19



development (Hofer and Barde 1988). Given the impact of forward genetics in the discovery
of most growth factors and their receptors it is worth noting that this approach actually played
no role in the neurotrophin field. This however raises the question as to whether the
corresponding neurotrophin genes exist in the type of short-lived organisms typically used by
geneticists such as Drosophila melanogaster and Caenorhabditis elegans. Whilst the genome
of the latter organism is known to not comprise of genes involved in neurotrophin signalling,
such is not the case in Drosophila melanogaster where neurotrophin-like genes have been
identified (Zhu et al. 2008). This was not the result of a classical genetic screen based on
particular phenotypes but of detailed structural comparisons with the crystal structure of the
Spaetzle-related horseshoe crab gene Coagulogen. The 3-dimensional structure of
coagulogen forms a neurotrophin fold (Bergner et al. 1996) first described for NGF (McDonald
et al. 1991). Interestingly, Spaetzle use Toll-like receptors to signal and so do the Drosophila
neurotrophins, namely DNT1 and DNT2 (Zhu et al. 2008). Moreover, more recent work
indicates that DNTs bind to Toll-like receptors and are involved in synaptic plasticity (Li and
Hidalgo 2021).

1.1.3. Discovery of NT3 and NT4

Following the realisation that the amino acid sequence of BDNF shares similarities with NGF
(Leibrock et al. 1989), a search for related genes was initiated using cloning by homology.
This approach rapidly led to the identification of neurotrophin-3 (NT3, Ernfors et al. 1990; Hohn
et al. 1990; Jones and Reichardt 1990; Kaisho et al. 1990; Maisonpierre et al. 1990; Rosenthal
et al. 1990). Neurotrophin-4 was subsequently identified, initially in Xenopus Laevis (Hallbook
et al. 1991) and later in mammals (Ip et al. 1992). Neurotrophin-4 (NT4) binds to the same
receptor as BDNF, namely TrkB (see below). NT4 seems to have been a relatively late
addition during the course of evolution and the deletion of its gene in the mouse only causes
a mild phenotype, unlike is the case with the other 3 neurotrophins that are all lethal within a

few weeks after birth (see below).
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1.2. The neurotrophin family

1.2.1. Expression and regulation of neurotrophins

All neurotrophin genes encode secretory proteins that are translated as pre-pro-protein
precursors (for reviews, see Huang and Reichardt 2001; Bothwell 2014). These precursors
can be subsequently cleaved to form mature neurotrophins (Figure 1.1). Neurotrophins are
primarily expressed in the brain and also in many peripheral tissues where their secretion
plays crucial roles both during development and in the adult. Neurotrophins and especially
BDNF now receive a great deal of attention because of multiple links with crucial functions of
the nervous system including virtually all aspects of synaptic plasticity including memory-
related mechanisms (Park and Poo 2013; Mariga et al. 2017; Mitre et al. 2017). In neurons,
the expression of the BDNF gene is regulated by neuronal activity, in a calcium-dependent
manner (Tao et al. 1998). The genomic organisation of the BDNF gene is complex and
comprises at least 9 different promoters encoding a number of splice variants as well as an
antisense mRNA (for review, see West et al. 2014). BDNF has the hallmark of a gene that is
expressed as a function of demand, a property that is not shared with NTF3 (NT3) whose
genomic organisation is much less complex than that of BDNF (for review, see West et al.
2014). NT3 expression is regulated by mechanisms distinct from those regulating BDNF
expression such as for example thyroid hormone and not by stimuli typically increasing BDNF
expression such as kainic acid (Katoh-Semba et al. 1999; Hernandez-Echeagaray 2020). As
the differential regulation of BDNF and NTF3 has important implications for the interpretation
of the main results presented in the following chapters, this specific feature is further

commented in the General Discussion (see Chapter 9).
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Figure 1.1. Generic representation of the neurotrophins as secretory proteins.

The signal peptide (purple) directs the neurotrophins to the secretory pathway and is followed
by a pro-sequence (green) that show moderate conservation between the neurotrophins. The
main function of the pro-sequence is thought to permit the folding of the mature sequence
(red) including the formation of the cysteine knot (S-S). Various proteases can cleave pro-
neurotrophins at furin-like cleavage sites. In the absence of cleavage pro-neurotrophins may
be released and interact with the neurotrophin receptor p75 (see below) which can cause
apoptosis during development or in the adult after lesion.
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1.2.2. The role of neurotrophins in the nervous system

In humans, a number of mutations and polymorphisms have been identified in neurotrophin
genes and their Trk receptors and this has further increased the interest for the neurotrophin
signalling system and its role in dysfunction of the nervous system. These include in particular
memory-related mechanisms, mood disorders and neurodegeneration (Eisenberg et al. 2013;
Honea et al. 2013; Mitre et al. 2017; Bochukova et al. 2018; Sonoyama et al. 2020). Improving
neurotrophin signalling has thus become a major area of interest, further fuelled by recent
observations indicating that synaptic plasticity, thought to be compromised in conditions such

as depression in particular, can improved by antidepressants (Castren and Kojima 2017).

1.2.2.1. NGF

With regard to their physiology, neurotrophins are best known for their survival promoting
activities in the PNS (for reviews, see Davies 1994; Bibel and Barde 2000; Huang and
Reichardt 2001; Bothwell 2014). NGF is essential for the survival of peripheral sympathetic
neurons and of most sensory neurons derived from the neural crest. With regard to the role of
NGF in the CNS, it is limited to a small, yet physiologically important population of cholinergic
neurons in the basal forebrain identified in retrograde transport studies using radiolabelled
NGF (Schwab et al. 1979). Unlike PNS neurons, these neurons do not die in the absence of
NGF but fail to reach their normal size (Crowley et al. 1994). This is in line with the general
notion that whilst the role of neurotrophins as essential survival factors is well established in
the PNS, such is not the case in the CNS in the absence of lesion such as axotomy. NGF is
best known for its role in all aspects related to pain-related mechanisms that go beyond its
ability to promote the survival of small diameter sensory neurons in dorsal root ganglia. This
notion is now firmly established and is not only based on a very large number of experiments
with rodents but also by human genetics. In humans, mutations in the protein-coding
sequence of NGF (Einarsdottir et al. 2004) or its receptor tyrosine kinase TrkA (Indo et al.
1996) render the carriers pain-insensitive. This body of work has led to the development of
monoclonal antibodies blocking the biological activity of NGF, now used in large-scale clinical
trials in conditions associated with chronic pain including rheumatoid arthritis (for reviews, see
Barker et al. 2020; Wise et al. 2021).

1.2.2.2. BDNF

Whilst BDNF also supports the survival of some neural crest-derived sensory neurons, its
most important targets in the PNS are neurons derived from epidermal placode (Lindsay et al.

1985). It is the loss of these neurons that are critical for the regulation of respiration, balance
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and blood pressure that causes the post-natal death of new-born mice lacking BDNF (Ernfors
et al. 1994a; Jones et al. 1994) or its tyrosine kinase receptor TrkB (Klein et al. 1993). In
contrast to the PNS, BDNF does not play a major role as a survival factor in the CNS whereby
in its absence, cell bodies, especially those of inhibitory neurons fail to reach their normal size.
Likewise, the size of dendritic arbors and the number of branches is reduced in mutant animals
(Gorski et al. 2003; Rauskolb et al. 2010). Following the demonstration that long-term
potentiation fails to reach its full extent in the hippocampus (Korte et al. 1995), much of the
attention subsequently focused on the role of BDNF in synaptic plasticity (for review, see Park
and Poo 2013). At the molecular level, one of the most studied molecules associated with
post-synaptic changes is Arc/Arg3.1 whereby its levels have been shown to be substantially
and rapidly altered following activation of TrkB (Bramham et al. 2008). The focus on the role
of BDNF in the adult brain further increased following the discovery of a polymorphism in
humans linking the substitution of an amino acid in the pro-sequence of BDNF with mild
memory deficits (Egan et al. 2003). BDNF is now linked with a large range of conditions
including neurodegeneration, the regulation of food intake and mood disorders (for reviews,
see Castren and Kojima 2017; Mariga et al. 2017; Jones et al. 2021). Furthermore, recent
findings indicate that the BDNF receptor TrkB (see below) is a target of all antidepressants.

(Casarotto et al. 2021, reviewed in Ateaque and Barde, 2021).

1.2.2.3. NT3

With regard to NT3, a prominent physiological role in the PNS has been firmly established
with regard to the survival of sub-populations of sensory neurons including in particular those
involved in proprioception and audition. Indeed, NT3 has been shown to be essential for the
survival of large myelinated neurons and axons in dorsal root ganglia and of neurons in the
spiral ganglia (Ernfors et al. 1994b; Farinas et al. 1994; Ernfors et al. 1995). Its role in
preventing the toxicity of drugs compromising the survival of the corresponding neurons is
also well documented and there is a currently a great deal of interest in delivering NT3 as well
as BDNF to improve impaired functions of neurons innervating the inner ear and treat
deafness in particular (for review, see Leake et al. 2020). As the nerve terminals innervating
the inner ear are thought to be more readily accessible to selective reagents such as receptor-
activating antibodies there is an interest in developing such reagents (Szobota et al. 2019).
Whilst far fewer data are available on the role of NT3 in the CNS compared with BDNF, the
available data suggest that their roles may be similar and both are involved in synaptic
plasticity including the facilitation of neurotransmission and the development of dendrites (see
Joo et al. 2014; Hernandez-Echeagaray 2020). However, unlike is the case with BDNF, very

little is known about molecular mechanisms related to synaptic plasticity downstream of TrkC
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activation.

1.2.2.4. NT4

NT4 also uses the TrkB receptor to transduce its biological activity whereas less is known
about its functional relevance whereby it seems to largely overlap with that of BDNF as can
be expected given that share the same tyrosine kinase receptor. However, unlike is the case
with the other neurotrophin genes, mice carrying homozygote deletions of the Ntf4 gene are

viable and only show a mild phenotype compared with other neurotrophins (Liu et al. 1995).

1.3. Neurotrophin receptors

1.3.1. The neurotrophin receptor p75

As the neurotrophin field began with the discovery of NGF (see above), the first neurotrophin
receptor characterised was designated the NGF receptor. Two groups followed the same
strategy of expression cloning and used monoclonal antibodies to isolate cells expressing the
receptor at their surface following transfection with human (Johnson et al. 1986) or rat genomic
DNA (Radeke et al. 1987). Following the realisation that BDNF also binds to this receptor
(Rodriguez-Tébar et al. 1990), it was renamed the neurotrophin receptor p75 (structure of p75
shown in Figure 1.2). By contrast with the Trk receptors, the cytoplasmic domain of p75 is
devoid of enzymatic activity. P75 was the first member to have been characterised of what
later turned out to be a large family of receptors designated the Tumour Necrosis Factor
Receptor Superfamily (TNFRSF). The distinct feature of this family is the recruitment of
cytoplasmic interactors allowing these receptors to transduce their activity following ligand
binding (Locksley et al. 2001). Many TNFRSF members are primarily expressed in cells of the
immune system and often bind trimeric ligands whilst p75 is primarily, but not exclusively,
expressed in the developing nervous system. Unlike the Trk receptors that bind neurotrophins
(see below), p75 has been reported to also bind a number of different ligands including
unprocessed neurotrophins (designated pro-neurotrophins), AB and proteins of viral
envelopes (for review, see Malik et al. 2021). Like all TNFRSF members, p75 transduces its
effects by recruiting cytoplasmic interactors of which about 30 have been characterised (Malik
et al. 2021). This diversity explains in part why by comparison with the Trk receptors it has
been difficult to understand the biological relevance of p75, especially in vivo. In addition, p75
levels of expression vary considerably during development and in the adult whereby in the
adult brain, p75 expression is largely restricted to basal forebrain cholinergic neurons, one of
very few neuronal populations also expressing the NGF receptor TrkA in the CNS. One the

best understood functions of p75 is its ability to cause cell death following binding of pro-
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neurotrophins, i.e. un-cleaved neurotrophins where the pro-domain is still attached to the
mature protein (Lee et al. 2001). Like other TNFRSF members the role of p75 may be
particularly relevant in pathological situations as for example its levels of expression in
neurons have long been known to be significantly upregulated after axotomy (Ernfors et al.
1989).
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Figure 1.2. The neurotrophin receptor p75 is a member of the tumour necrosis factor
receptor superfamily (TNFRSF).

Scheme showing the structure of p75. The 4 neurotrophins bind to p75 with nanomolar
affinities. P75 was the first TNFRSF member to have been identified and later members were
added to the family based on the extracellular cysteine-rich motifs in their extracellular
domains (4 in the case of p75 as indicated). It is also referred to as TNFRSF16 or CD271.
Like all members of the family and unlike the neurotrophin tyrosine kinase receptors (see
below) no enzymatic activity is intrinsically linked with the protein coding sequence of the
receptor and signalling is mediated by interactions with cytoplasmic interactors, of which large
numbers have been identified (for review, see Yuan et al. 2019). Note also that the cytoplasmic
domain, despite the lack of catalytic activity has a structure that is similar to the death domain
of members of the tumour necrosis receptor family whereby p75 is known to induce cell death
(Liepinsh et al. 1997). The designations are: SP: signal peptide, CCI: cysteine-rich cluster I,
CCIl: cysteine-rich cluster I, CCIlll: cysteine-rich cluster Ill, CCIV: cysteine-rich cluster IV, TM:
transmembrane domain and DD: death domain. Scheme is approximately to scale. Scheme
adapted from previous images in use in the Barde Lab.
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1.3.2. The neurotrophin tyrosine kinase receptors

The discovery of the first neurotrophin receptor tyrosine kinase originates from studies aiming
to define the cause of solid tumours. Specifically, what later turned out to be a receptor for
NGF was first described as “a human oncogene formed by the fusion of truncated tropomyosin
and protein tyrosine kinase sequences” (Martin-Zanca et al. 1986). The subsequent cloning
of the corresponding proto-oncogene resulted in clues as to the possible function of this then
receptor as it allowed in situ hybridisation studies to be performed in the developing mouse
embryo. These experiments revealed a restricted expression pattern essentially limited to the
developing peripheral nervous system (Martin-Zanca et al. 1990). The notion that NGF may
activate a then unknown tyrosine kinase receptor emerged from experiments indicating that
cell extracts of the pheochromocytoma cell line (PC12), responded to NGF by proliferation
arrest and neurite outgrowth (Greene and Tischler 1976) and increased tyrosine
phosphorylation (Maher 1988). It was then revealed that PC12 cells expressed the proto-
oncogene Trk, later renamed TrkA, and that NGF binds to, and can be cross-linked to, the
tyrosine phosphorylated receptor (Hempstead et al. 1991; Kaplan et al. 1991; Klein et al.
1991a). The availability of cDNA clones encoding TrkA also led to the accidental discovery of
TrkB during the course of a cDNA library screening (Klein et al. 1989). Sequence analyses
revealed striking homologies with TrkA, especially in the intracellular domain encoding the
kinase domain. Northern blot as well as in situ hybridisation experiments revealed a strong

expression in the nervous system, both during development and in the adult.

Following the demonstration that TrkA was an NGF receptor (see above), it rapidly became
clear that TrkB was the BDNF tyrosine kinase receptor (Glass et al. 1991; Klein et al. 1991b;
Soppet et al. 1991), later shown to also bind and be activated by Neurotrophin-4 (Klein et al.
1992). Similarly, the availability of TrkA clones also allowed the isolation by homology cloning
of the third member of the family, TrkC that turned out to be a receptor for NT3 (Lamballe et
al. 1991). TrkC turned out to be the most neurotrophin-specific receptor, it has no measurable
affinity for neurotrophins other than NT3 (neurotrophin-Trk receptor interactions shown in
Figure 1.3B). By contrast, it also binds a neurotrophin unrelated ligand, an axonal tyrosine
phosphatase receptor PTPo. The interaction of this receptor with TrkC modulates the
formation of glutamatergic synapses (Takahashi et al. 2011). The TrkC/PTPo interaction was
mapped and shown not to involve the NT3 binding site on TrkC whereby the addition of NT3
to excitatory synapses involving presynaptic PTPo and postsynaptic TrkC enhances synapse
formation (Ammendrup-Johnsen et al. 2015). These intriguing data positions TrkC uniquely in
the context of Trk receptor function in the CNS, even if still very little is known about TrkC

signalling following its kinase domain activation by NT3. This question is at the core of the
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results presented in the following Chapters that also deal with the intricacies of studying TrkC

activation by NT3 in neurons.

1.3.3. The structure of the Trk receptors

As their method of discovery suggests, the 3 mammalian Trk receptors are closely related in
structure (Figure 1.3A). This not only relates to their cytoplasmic tyrosine kinase domains
(over 80% amino acid identities in the corresponding domain) but also to their extracellular
domains (about 40%). All three receptors are single-pass transmembrane receptors that are
heavily N-glycosylated comprising a signal sequence followed by leucine-rich repeats flanked
by cysteine-rich sequences followed by immunoglobulin-like domains. X-ray diffraction studies
have mapped the binding site of NGF to the second immunoglobulin-like repeat of TrkA
(Wiesmann et al. 1999). Dimerisation of the receptors is thought to lead to the activation of
the kinase domain and transphosphorylation of tyrosine residues, therefore it is conceivable
that the sequences upstream of the juxta-membrane immunoglobulin-like repeat may help
prevent the dimerisation and activation of Trk receptors in the absence of ligands as can be
observed upon overexpression of Trk receptors in heterologous systems. In addition, attention
increasingly focuses on the transmembrane domains of the Trk receptors. Recent work
revealed that the transmembrane domains of TrkA plays a role in its dimerisation (Franco et
al. 2020). In addition, in a major recent development (see also Chapter 7), antidepressants
have been shown to selectively bind to the transmembrane of TrkB in a cholesterol-dependent
manner (Casarotto et al. 2021). A tyrosine residue has been identified in the transmembrane
domain of TrkB that is thought to play a key role in the interactions of TrkB with the lipids found

in neuronal membranes (Casarotto et al. 2021).
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Figure 1.3. The Trk receptors.

Scheme depicting the three Trk receptors, TrkA, TrkB and TrkC (A left panel) whereby the
different domains are also indicated (A right panel). The designations are: SP: signal peptide,
CCI: cysteine-rich cluster I, LRM: Leucine rich motif, CCIl: cysteine-rich cluster I, Igl:
immunoglobulin-like domain |, Igll: immunoglobulin-like domain Il, TM: transmembrane
domain and TK: tyrosine kinase domain. (C). indicates ligand preference whereby NT3 also
binds to TrkA and TrkB as well as TrkC. Schemes (A). and (B). are approximately to scale.
Schemes adapted from previous images in use in the Barde Lab.
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1.3.4. Biological relevance of the Trk receptors in vivo

By the time the 3 Trk receptors had been discovered, extensive work with cultured neurons
as well as some work in vivo had established the functional relevance of their neurotrophin
ligands (Bibel and Barde 2000; Huang and Reichardt 2001; Bothwell 2014). In particular, the
experiments performed by Levi-Montalcini and Cohen had demonstrated the relevance of
NGF as the post-natal injections of antibodies to new-born rodents massively impacted the
development of the peripheral sympathetic system (Cohen 1960; Levi-Montalcini and Booker
1960). In vitro work had demonstrated that BDNF prevents the death of sensory neurons not
responding to NGF, including those derived from epidermal placodes (Lindsay et al. 1985)
and that the addition of BDNF to developing quail embryos prevented naturally occurring
neuronal death (Hofer and Barde 1988). The selective elimination of the genes encoding the
Trk receptors NTRK1 (TrkA) (Klein et al. 1993) and NTRK3 (TrkC) (Klein et al. 1994) greatly
helped delineating the in vivo relevance of neurotrophin-Trk interactions in vivo as around the
same time, results became available related to the elimination of the corresponding
neurotrophin genes (Crowley et al. 1994; Ernfors et al. 1994a; Ernfors et al. 1994b; Farinas et
al. 1994; Jones et al. 1994). The majority of these studies focused on the peripheral nervous
system as a substantial body of work preceding the gene targeting experiments had
established that neurotrophins prevent the death of distinct sub-populations of neurons of the
peripheral nervous system. By contrast, the deletion of Trk receptors in the CNS, like is the
case with the neurotrophins only causes mild defects in the CNS, unless an imbalance is
created by the sparse deletion of a Trk receptor or of the ligand as has been demonstrated
with TrkC in cerebellar Purkinje cells (Joo et al. 2014 and see Discussion) and with BDNF in

the cerebral cortex (English et al. 2012).

Functionally, there is overwhelming evidence to indicate that the neurotrophin signalling
system is involved in synaptic plasticity, as exemplified by the role of BDNF/TrkB signalling in
long-term potentiation (Korte et al. 1995; Minichiello et al. 2002). Beyond modulation of
synaptic transmission by neurotrophins, there is also strong evidence that they modulate
dendritic branching as well as spine formation (Rauskolb et al. 2010; Park and Poo 2013;
Zagrebelsky and Korte 2014). The most studied biochemical downstream target of Trk
activation is the actin-associated protein Arc/Arg3.1 and its levels rapidly increase following
TrkB activation by BDNF. This short-lived protein is rapidly transferred to dendrites following
the activation of afferent pathways and is thought to link neurotransmitter receptors with the
actin cytoskeleton (for review, see Zhang and Bramham 2021). Given these crucial properties
of Arc/Arg3.1 it is a much-studied target in the context of BDNF-mediated synaptic plasticity.

By contrast, very little is known about the role of NT3/TrkC signalling even though most

31



neurons in the human prefrontal cortex co-express NTRK2 (TrkB) and NTRK3 (TrkC) mRNA
and the levels of both have been reported to be decreased in the brain of schizophrenic
patients (Weickert et al. 2005).

1.4. Research aims

The research project had the following aims:

1. Validate antibodies ensuring the unambiguous identification of TrkB and TrkC

2. Establish a robust cell culture system allowing the generation of neurons expressing

the neurotrophin receptors TrkB and TrkC
3. Eliminate the expression of ligand activatable forms of TrkB using CRISPR/Cas9
4. Examine Trk activation as a function of BDNF and NT3 concentrations

5. Study gene expression downstream of TrkC activation and compare the results with

TrkB activation, with a focus on genes involved in synaptic plasticity
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Chapter 2 - Methods and Materials

2.1. CHO cell culture

2.1.1. CHO cell thawing

CHO cells overexpressing human cDNAs encoding TrkA, TrkB or TrkC (a kind gift from Dr.
Jia Xie, Scripps Institute) were partially thawed by incubation in a 37°C water bath until only a
small wedge of ice remained in the vial. 2 ml of CHO media consisting of DMEM:F12
containing 10% FBS (Biosera), 5% Glutamax and 1% Penicillin/Streptomycin (all from Thermo
Fisher Scientific unless otherwise indicated) was added directly to the vial, the cells were then
collected and centrifuged at 2000 rpm for 3 min. The supernatant was removed, the pellet
resuspended in 2 ml CHO media and the suspension added to a single well of a Nunc cell-
culture treated 6-well plate (Thermo Fisher Scientific). Cells were maintained in a 37°C and

7% COz incubator. A complete media change was performed the following day.

2.1.2. CHO cell freezing

Cells were treated with 0.05% trypsin (Thermo Fisher Scientific), placed in the incubator for 3
min and manually dissociated repeatedly during incubation by swirling the plate. The trypsin-
cell suspension was then added to an equal volume of CHO media (described above) and
centrifuged at 2000 rpm for 3 min. The supernatant was removed and the pellet resuspended
in 0.5 ml CryoStor (StemCell Technologies) before transfer to a Cryovial (Elkay). Cryovials
were placed in a freezing container (“Mr Frosty”, Thermo Fisher Scientific) and transferred to

liquid nitrogen storage the following day.

2.1.3. CHO cell passaging

Cells were treated with 0.05% trypsin and dissociated as described above whereby the pellet
was resuspended in the appropriate volume of CHO media. The volume of cell suspension
added to the plate was adjusted depending on whether cells were being plated onto a Nunc
treated 10 cm dish, 5 cm dish, 6-well plate, 12-well plate or a 24-well plate (all Thermo Fisher
Scientific). After passaging, a full media change was performed the following day followed by

media changes every other day or as required.
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2.2. hES cell culture and neuronal differentiation

2.2.1. hESC thawing

Cryovials containing hESCs were partially thawed by incubation in a 37°C water bath until
only a small wedge of ice remained in the vial. 2 ml of mTeSR medium (STEMCELL
Technologies) was added directly to the vial, the cells collected and centrifuged at 2000 rpm
for 3 min. The supernatant was removed and the pellet resuspended in 2 ml of mTeSR
containing Rho-kinase inhibitor (STEMCELL Technologies, 1:1000 dilution) and plated onto
Matrigel (Corning) plates pre-coated with Matrigel for 1 hour at 37°C. When thawed hESCs

were plated into a single well of a Nunc cell culture treated 6-well plate.

2.2.2. hESC freezing

HESCs were treated with ReLeSR (STEMCELL Technologies) for 1 min and placed in the
incubator. ReLeSR was aspirated from the well and cells collected from the well using 2 ml of
mTeSR medium (STEMCELL Technologies). The cell suspension was centrifuged at 2000
rom for 3 min, the supernatant removed and the pellet resuspended in 0.5 ml CryoStor
(STEMCELL Technologies) before transfer to a Cryovial (Elkay). Cryovials were placed in a
freezing container (“Mr Frosty”, Thermo Fisher Scientific), transferred to -80 °C and placed in

liquid nitrogen storage the following day.

2.2.3. hESC growth and passaging

The human embryonic stem cell line hESC H9, WAe009-A (Thomson et al. 1998) and isogenic
NTRK2 (TrkB) targeted or non-targeted clones C9, D2, B1 and A10 (see Chapter 5) were
grown on Matrigel-coated plates and maintained in mTeSR medium. Medium was changed
daily and hESCs were passaged using ReLeSR (STEMCELL Technologies). HESCs were
treated with ReLeSR (STEMCELL Technologies) for 1 min and placed in the incubator.
RelLeSR was aspirated from the well and cells were collected from the well using 2 ml of
mTeSR medium (STEMCELL Technologies). The cell suspension was centrifuged at 2000
rom for 3 min and the supernatant aspirated. Cells were resuspended in mTeSR with Rho

kinase inhibitor and split at either a 1:3, 1:4 or 1:6 ratio onto Nunc treated 6-well plates.

2.2.4. Neuronal differentiation

Neuronal differentiation was performed as previously described (Merkouris et al. 2018).
HESCs were sub-cloned until the desired cellular morphology was observed (see Chapter 3),
grown to confluency and passaged using Accutase (Life Technologies) at a 1:3 ratio onto

Matrigel-coated Nunc treated 6-well plates. Cells were incubated for 1 hour with Rho-kinase
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inhibitor, the culture medium removed and Accutase added to the cells followed by incubation
for 5-8 min followed by gentle cell resuspension achieved by swirling the plate. The
resuspended cells were then added to an equal volume of medium, and plated with Rho-
kinase inhibitor. When cells had reached 70% confluency (DIV 0), they were washed 3 times
with PBS (Invitrogen Life Technologies) and fed daily with a “neural induction medium”
containing Advanced DMEM:F12 (with Glutamax); 1 % Penicillin/Streptomycin (all from
Thermo Fisher Scientific); 10 uyM SB431542 (Abcam) 1 yM LDN 193189 (Stemgent); 1.5 uM
IWR1 (Tocris) and 2 % NeuroBrew-21 without retinoic acid (Miltenyi Biotec). At day 8 neural
progenitors were dissociated with Accutase as described above (Life Technologies) and re-
seeded with Rho-kinase inhibitor at a 1:4 ratio onto Matrigel-coated plates in expansion
medium containing Advanced DMEM-F12 supplemented with 2% NeuroBrew-21 without
retinoic acid (Miltenyi), 0.2 uM LDN193189, 1.5 uM IWR1 and 25 ng/ml Activin A (Peprotech).

Subsequent neuronal differentiation and maturation were performed as previously described
(Telezhkin et al. 2016b). Neural progenitors were seeded on poly-D-lysine (Thermo Fisher
Scientific) and Matrigel-coated surfaces (Poly-D-lysine was added to wells for 1 hour followed
by 3 DPBS washes before wells were coated with Matrigel) at a density of 1 million cells per
well of 12-well plates or 150,000 cells per 13 mm coverslip and cultured for 7 days in SJA
(Synaptojuice A) medium containing Advanced DMEM F12 (with Glutamax), 1%
penicillin/streptomycin, 2 % NeuroBrew21 with retinoic acid (Miltenyi Biotec), 2 pM
PD0332991 (Tocris Bioscience), 10 uM DAPT (Sigma-Aldrich), 0.6 mM CaCl, to give 1.8 mM
CacCl, in final complete medium (Sigma-Aldrich), 3 uM CHIR 99021 (Tocris Bioscience), 10
MM Forskolin (Tocris Bioscience), 300 yM GABA (Tocris Bioscience) and 200 mM ascorbic
acid (Sigma- Aldrich). The medium was replaced at day 7 post-plating by SJB (Synaptojuice
B) medium which contained equal parts Advanced DMEM/F12 with Glutamax and Neurobasal
A (Thermo Fisher Scientific), 1% penicillin/streptomycin (Life Technologies), 2% NeuroBrew-
21 with retinoic acid (Miltenyi Biotec), 2 yM PD0332991 (Tocris Bioscience), 3 yM CHIR 99021
(Tocris Bioscience), 0.3 mM CacCl, (1.8 mM CacCl, final), and 200 uM ascorbic acid (Sigma-
Aldrich). Plated progenitors and the resulting neurons were maintained for up to day 33 before

experimentation.

All cultures were regularly checked for mycoplasma contamination using the LookOut
Mycoplasma PCR Detection kit (Sigma-Aldrich) according to the manufacturer’s instructions.
Cultures were also monitored daily (see Chapter 3) and observed for signs of bacterial and

yeast contamination by phase contrast microscopy.
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2.3. CRISPR targeting

NTRKZ2 mutant H9 hESC clones were generated by CRISPR gene editing. Guide RNAs
targeting exon1 of NTRK2 were selected using Deskgen CRISPR design tools
(www.deskgen.com) with the help of Nick Allen. CRISPR was performed using

ribonucleoprotein technology (RNP) following an established protocol (Bruntraeger et al.
2019). Briefly, 2 nM of each guide RNA (TCGTCCTGGATAAGGTGGCATGG,
GTCGCTGCACCAGATCCGAGAGG, ACACTGTTAGGCTCCAATCTCGG) and 20 nmol
ATTOTM 550 labelled Alt-R® CRISPR-Cas9 tracrRNA were complexed in IDT buffer. The
RNP complexes were formed immediately prior to use by mixing the crRNA:tracrRNA
complexes with Alt-R® S.p. HiFi Cas9 Nuclease V3. All CRISPR reagents were purchased
from Integrated DNA Technologies. RNP complexes were delivered to H9 hESCs by Amaxa

nucleofection. Briefly, H9 hESCs pre-treated for 1 hour with Rho-kinase inhibitor and were

dissociated into single-cell suspension using Accutase. 1 x 108 cells were resuspended in
Amaxa P3 nucleofection buffer (Lonza), mixed with Cas9 RNP complex and nucleofected
using program CA137 on the Amaxa-4D nucleofector. After overnight culture in mTesR
medium containing Rho-kinase inhibitor nucleofected cells were sorted by flow cytometry (BD
FACS Aria Fusion) with the help of Mark Bishop and the brightest ATTO550 labelled cells
(~5000 cells) re-plated at clonal density onto Matrigel-coated 10 cm plates. Cells were fed
with mTesR medium containing Rho-kinase inhibitor and penicillin/streptomycin for the first 3
days followed by mTesR only thereafter. Colonies derived from single cells were manually
picked on day 7 into Matrigel coated Nunc treated 96 well plates (Thermo Fisher Scientific)
under the guidance of Nick Allen and Bridget Allen. 96 well plates were replica-plated by

passaging with ReLeSR, allowing one plate to be used for DNA analysis.
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2.4. DNA analysis

2.4.1. DNA extraction

Clone genotyping was carried out using DNA extracted from each well of the 96 well plate
using QuickExtract DNA Extraction Solution (Lucigen) according to the manufacturer’s
instructions. The cells were washed once with PBS and 50 ul QuickExtract DNA solution
added per well. The wells were scraped to dislodge cells and the cell suspension transferred
to PCR tubes/96 well PCR plate (depending on how many clones to be screened). The
samples were placed in a thermal cycler and heated for 5 min at 68°C before vortexing and
further heating at 95°C for 15 min. DNA was then stored at -80°C until PCR.

2.4.2. Genotyping

Samples were genotyped using PCR primers (forward: 5-CCCTGTAAAGCGGTTCGCTA-3'
and reverse: 5-CCCACTCTTGGGACAGCATT-3') designed to flank the CRISPR targeted
region. 1 yl of DNA was used per PCR reaction. Each well/tube contained 10 yl PCR
Biosystems red master mix (PCR Biosystems), 0.1 ul of each forward and reverse primer and
made up to 20 ul with ddH>O. The samples were placed in a thermal cycler and the PCR was
run using the following program: 95°C 3 min; (95°C 30 s, 58°C 30 s, 86 °C 1 min) x 35; 4°C
%, PCR products for wild type and mutant alleles were analysed by 2% agarose gel

electrophoresis.

2.4.3. DNA sequencing

PCR amplicons from candidate edited clones were gel extracted (Qiagen) for Sanger
sequencing (Eurofins) and sequences analysed using CRISPR-ID software

(http://crispid.gbiomed.kuleuven.be/).
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2.5. RNA analysis

2.5.1. RNA extraction

Total RNA was extracted from human neurons using the RNeasy Mini kit (Qiagen). Cultures
were washed with DPBS and lysed with 350 pl of RLT RNA lysis buffer (Qiagen) containing
1% B-2-mercaptoethanol (Sigma-Aldrich). Lysates were either frozen at -80°C or processed
with the RNeasy Mini Kit according to the manufacturer’s instructions, including a DNase

treatment for 15 min at room temperature (Sigma-Aldrich).

2.5.2. RNA quality and quantity checks
2.5.2.1. Qubit Analysis

To measure the concentration of RNA in each sample, a Qubit Fluorometer (Invitrogen by Life
Technologies) was used. Two assay tubes for the standard samples were set up as well as
one per sample to be tested. A working solution consisting of the Qubit reagent (from Qubit
kit) being diluted 1:200 in Qubit buffer (from Qubit kit). 200 pl of working solution was prepared
for each standard and sample. The standards were prepared by adding 190 ul of working
solution and 10 pl of standards 1 and 2 (from Qubit kit) respectively. For the sample, 198 ul
working solution was added followed by 2 ul of the RNA sample. The tubes were briefly

vortexed and then incubated for 2 min at room temperature prior to Qubit analysis.

2.5.2.2. Tapestation analysis

The 2200 Tapestation (Aglient Technologies) performed an RNA ScreenTape Assay and gave
an indication of the quality of RNA in our samples. The RNA ScreenTape Sample Buffer and
RNA ScreenTape Ladder (both Agilent Technologies) were allowed to equilibrate to room
temperature. 5 pl of Sample Buffer was added to 1ul RNA Ladder for the standard, or 1 pl
RNA sample. The tubes were then vortexed (IKA vortexer and adaptor) at 2000 rpm for 1 min.
The samples were then spun down briefly. The samples were heated to 72°C for 3 min, then
placed on ice for 2 min. The samples were briefly centrifuged before loading onto the

Tapestation.

2.5.3. RT-qPCR

The levels of full-length, kinase domain-positive NTRK2 and NTRK3 mRNAs were quantified
by RT- gPCR relative to a geometric mean of mMRNAs for GAD7 and GADZ2 by Sean Wyatt. 5
Jl total RNA was reverse transcribed, for 1 hour at 45°C, using AffinityScript (Agilent) in a 25
Jl reaction according to the manufacturer’s instructions. 2 ul of cDNA was amplified in a 20 pl

reaction volume using Brilliant 11l ultrafast gPCR master mix reagents (Agilent Technologies).
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PCR products were detected using dual- labelled (FAM/BHQ1) hybridisation probes specific
to each of the cDNAs (Eurofins). The PCR primers were: NTRK2 (TrkB) forward: 5'-
TTCCCATCACCAGAAATG-3' and reverse: 5'-GCTTGAGAAACAAACCAG-3"; NTRK3 (TrkC)
forward: 5-TCTGCTAGTGAAGATTGG-3 ' and reverse: 5-TCCCACCCTGTAATAATC-3/;
GAD2 forward: 5-CCAGAAGTCAAGGAGAAA-3" and reverse: 5-GTCTGTTCCAATCCC AA-
3" GAD1 forward: 5-CAGAGAAGAATTTGAGATGG-3' and reverse: 5'-
GGCTTTGTGGAATATACC-3'. Dual-labelled probes  were: NTRK2: 5'-FAM-
CTATCATCACAACCTACGAAGACAAA-BHQ1-3"; NTRKS: 5'-FAM-

ATGTCCAGAGATGTCTACAGC-BHQ1-3"; GAD2:5'-FAM-TGCTCTTCCCAGGCTCATTGC-
BHQ1-3; GAD1: 5-FAM-CAATGGCGAGCCTGAGCACA-BHQ1-3. Forward and reverse
primers were used at a concentration of 250 nM and dual-labelled probes were used at a
concentration of 500 nM. PCR was performed using the Mx3000P platform (Agilent) using the
following conditions: 95°C for 3 min followed by 45 cycles of 95°C for 10 s and 60°C for 35 s.
Reverse transcribed NTRK2, NTRK3, GAD1 and GAD2 cDNAs were quantified by reference
to a standard curve comprising serial 5-fold dilutions of a 250 bp synthetic DNA template
corresponding to the transcript being amplified. Each synthetic DNA template comprised the
PCR amplicon flanked by 50-100 bp of transcript sequence. Primer and probe sequences

were designed using Beacon Designer software (Premier Biosoft).

2.5.4. RNAseq analysis

H9 and A10 neurons were treated for 2 hours and 24 hours with BDNF and NT3 respectively
(2 nM) and RNAseq was performed by Angela Marchbank in the Genomics Hub of Cardiff
University. RNA was extracted and integrity assessed on an Agilent RNA 6000 Pico chip using
the Agilent 2100 Bioanalyzer (Agilent Technologies). RNA (500 ng) was used to produce the
cDNA library with the Tru-Seq protocol (lllumina) and sequenced with an lllumina HiSeq 4000
system. Initial data processing was carried out by Sumukh Deshpande and Robert Andrews.
RNA-seq single-end fastq files were mapped to human assembly genome GRCh38 using the
STAR package and transcript counts were generated using FeatureCounts and the results
normalized using the Bioconductor R package. Gene expression values and differentially
expressed genes were obtained using DeSeq2 package in fragments per kilobase of transcript
per million mapped reads (FPKM). Principal component analysis (PCA) was used to analyse

how different samples relate to each other based on overall expression profiles.

The analysis also included the Glimma package that generated interactive graphics, allowing
a detailed exploration of the data at both sample and gene-level — this was not possible with
the use of static R plots. This analysis was carried out by Spyros Merkouris. The RNA-

sequencing data in the form of gene-level counts were imported into R, organized, filtered and
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normalised using edgeR package, followed by the limma package whereby linear modelling
and empirical Bayes moderation was used to assess differential expression. Note that the full

RNAseq datasets will be deposited into an online database upon publication of this data.

2.6. Protein analysis

2.6.1. Protein extraction

Neurons were incubated with the appropriate ligand for various lengths of times as indicated
in the Results section Prior to lysis, the cultures were washed with PBS, and subsequently
lysed with 70 pl of RIPA lysis buffer: 50 mM Tris- HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA,
1% Triton-X-100, 0.2% sodium deoxycholate, 0.1% SDS and supplemented with a cocktail of
protease and phosphatase inhibitors (Sigma-Aldrich) at 1:100 dilution containing 100 mM
1,10-Phenanthroline, 100 mM 6-aminohexanoic acid, 10 mg/ml aprotinin and 2 mM sodium
orthovanadate. Cell lysates were kept on ice for 10 min, then centrifuged for 15 min at 15,000
rom and the supernatant transferred to a new tube prior to western blot analysis, or storage
at -80°C.

2.6.2. BCA

The protein concentration of lysates was determined using the Thermo fisher Scientific Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions.
Protein samples were diluted 1:50 in ddH20 and prepared in triplicates. Both samples and
BSA standards (25-2000 ug/ml) were incubated in working reagent (prepared according to the
manufacturer’s instructions) for 1 hour at 60°C. Absorbances were recorded on a FLUOstar®
Omega microplate reader (BMG Labtech, Aylesbury, UK) and the protein concentration of
each sample determined using the calibrated BSA standard curve. Following the realisation
that the differences in protein concentrations across 5 independent differentiations were
negligible, Ponceau Red stains was then routinely used instead after every transfer to ensure

that similar volumes of lysates were loaded and transferred.

2.6.3. Western blotting

4 X NuPAGE loading buffer (containing 0.666 g Tris HCI, 0.682 g Tris Base, 0.8 g LDS (lithium
dodecyl sulfate), 0.006 g EDTA (ethylenediaminetetraacetic acid), 4 g glycerol, 0.75 ml
SERVA Blue G250 (1% solution) and 0.25 ml phenol red (1% solution) and 10 X DTT
(dithiothreitol) (Sigma-Aldrich) was added to each sample before heating at 70°C for 10 min
(in cases where DTT was omitted, samples were heated for 5 min). Samples were then loaded
onto a 4-12% Bis-Tris NuPAGE gel (Invitrogen) and the gel run at 120 V for 1.5 hours. Protein
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was transferred to nitrocellulose membranes using the wet transfer Mini-Trans Blot Cell (Bio-
Rad). The membrane was then washed with PBS and stained with Ponceau Red to allow
visualisation of transferred protein. The membrane was then blocked for 1h with blocking
solution (5% western blotting grade blocker (BIO-RAD) and 1% BSA (Sigma-Aldrich) in 1 X
TBS-T) (described below). Following this the blots were probed with rabbit monoclonal anti-
P-Trk (Cell Signaling, mAb #4621) diluted 1:4000, goat polyclonal anti-TrkB (R&D Systems)
diluted 1:2000, goat polyclonal anti-TrkC (R&D Systems) diluted 1:2000, mouse monoclonal
anti-synaptophysin (Sigma-Aldrich S5768) diluted 1:2000 or anti-arc mouse monoclonal
(Santa Cruz sc — 17839). The primary antibody was diluted in blocking solution and incubation

was overnight at 4 °C.

The membranes were then washed 3 times with 20 ml TBS-T (10 X TBS (10 X TBS — 25 mM
Tris Base, 1.37 mM NaCl, 2.6 mM KCI dissolved in ddH,O. TBS-T: 1 X TBS & 1% Tween-20
(Sigma-Aldrich) for 10 min per wash on a rocker and incubated with the secondary antibody
(1:2000) in blocking solution for 1 hour. The primary antibodies were detected with donkey
anti-Rabbit HRP-conjugated, anti-goat HRP-conjugated and anti-Mouse HRP-conjugated
secondary antibodies (Promega). The membrane was developed using the WesternBright
ECL Kit (Advansta). Blots were visualized with the Image Lab software and the Universal Hood
Il camera system (BIO-RAD). Densitometry analysis of the bands with ImageJ was used to
calculate the intensity of the signal for each band. The quality of protein transfer was checked
in every case by staining the membranes with Ponceau Red. Normalisation in all cases was
deemed acceptable based Ponceau staining as the volume as well as the protein
concentrations were found to be consistent between samples (see above). Synaptophysin

was therefore not routinely used as a normalisation control.
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2.7. Immunocytochemistry

Coverslips were prepared by incubating them in 100% nitric acid overnight, then washed 3
times with water, once with ethanol and autoclaved. Cells grown on coverslips were washed
once with PBS and fixed with 4% paraformaldehyde for 30 min except when stained for TrkC,
in which case the cells were fixed for 10 min. The coverslips were then washed 3 times for 5
min with 0.1% Tween-20 in PBS at room temperature, and blocked for 1 hour with 3% donkey
serum and 0.1 % BSA in 0.1% Tween-20/PBS and incubated for 1 hour at room temperature
with any of the following antibodies: anti-B-Ill-tubulin (Tuj1) mouse polyclonal (Abcam) diluted
1:1000, goat polyclonal anti-TrkB (R&D Systems) diluted 1:2000, or rabbit monoclonal anti-
TrkC (Cell Signalling) diluted 1:2000. Subsequently the cultures were incubated for 1 hour at
room temperature with the corresponding secondary antibodies (Alexa fluor 488 donkey anti-
rabbit, Alexa fluor 488 donkey anti- goat or Alexa fluor 488 donkey anti-mouse; Invitrogen).
Cells were then washed 3 times for 5 min with 0.1% Tween-20 in PBS at room temperature
before incubation with DAPI in PBS (1:10,000). Cells were washed once with PBS and
mounted using DAKO mounting medium (Agilent). Coverslips were left to dry overnight before
imaging with a Nikon Eclipse Ni-U epifluorescence microscope using iLabCam iPhone 11
adapter (iDu Optics). Images were taken via an iPhone as the Trk signal was found to be very
weak using the standard camera attached to the microscope and the exposure was optimised

for the TrkB and TrkC staining to enable clear visualisation of the Trk staining pattern.

2.7.1. Cell counting

H9 TrkB-, H9 TrkC-, H9 Tuj1-, A10 TrkB-, A10 TrkC- and A10 Tuj1-positive cells were counted
in 20 randomly selected field, 2 coverslips each using a Nikon Eclipse Ni-U epifluorescence
microscope at 40 X magnification. The number of TrkB- or TrkC-positive cells was found not
to be significantly different from the number of Tuj1-positive cells, neither for H9 nor A10

neurons.
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Chapter 3 - Neurons derived from wild-type human
embryonic stem cells express the Neurotrophin-3 receptor
TrkC

3.1. Short Introduction

Culture work with embryonic stem cells has opened the possibility to direct their differentiation
into cells with relevant features, in this case human neurons expressing growth factor
receptors of interest. Successful differentiation of hESCs has been previously achieved in a
related study centred around the characterisation of a new antibody activating the BDNF
receptor TrkB (Merkouris et al. 2018). The differentiation procedure used in this previous
project was shown to generate cultures containing over 80% of BDNF-responsive neurons
(Merkouris et al. 2018). Beyond the large population of BDNF-responsive neurons indicative
of significant homogeneity of the neurons generated by the culture procedure, this procedure
was also highly reproducible between experiments and consistently generated a small
proportion of non-neuronal cells. These features justified a mass analysis of cells treated with
various reagents, including various ligands activating TrkB (Merkouris et al. 2018).
Accordingly, it was essential to ensure that TrkC-expressing neurons in cultures of similar
quality could also be reproducibly generated. The same hESC clone used in this related
project, designated H9, was also used here and it is one of the most extensively used hESC
lines in the field. It possesses 2 XX chromosomes and was described in the first publication
documenting the successful isolation of human stem cells (Thomson et al. 1998). A key
characteristic of the differentiation protocol, now widely used in the field, is that it involves dual
inhibition of TGF- 3 signalling that efficiently promotes neuronal differentiation (Chambers et
al. 2009). Activin A addition is also a key part of this differentiation protocol and promotes the
differentiation of GABAergic, long projection neurons with characteristics resembling those of
medium spiny neurons in the striatum (Arber et al. 2015). In the mouse system, these neurons
are amongst the most BDNF-responsive neurons, both in vivo and in vitro (Rauskolb et al.
2010).

The main aim of this chapter was to successfully differentiate H9 hESCs into neurons, to

demonstrate TrkC expression in these neurons and to explore the characteristics of TrkC

activation by NT3.
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3.2. Results

3.2.1. Generating neurons from H9 human embryonic stem cells

The process of successful neuronal differentiation from hESCs (summarised in Figure 3.1)
heavily relies on detailed examination of cultures by phase contrast microscopy. Accordingly,
hESC cultures were assessed daily and experience accumulated to allow reliable conclusions
to be made about the ideal cell morphology of undifferentiated hESCs as the quality of hESCs
determines the quality of the neurons produced. The morphology of hESCs deemed promising
in terms of suitability for neuronal differentiation is illustrated in Figure 3.2A. This is a key
aspect in this type of project as it takes about a month for neurons to be generated from
undifferentiated hESCs and to be ready for experimentation. In addition to morphology, a key
additional criterion was the rate of cell division. Upon thawing, hESCs were sub-cultured for
various lengths of time depending on the quality of cells prior to freezing, the freezing
procedure, the length of storage and the thawing procedure - all factors potentially impacting
the quality of hESCs. Subsequently, hESCs were repeatedly passaged to ensure the selection
of the most rapidly dividing cells. If a differentiation was initiated before the cells were of
sufficient quality and homogeneity, the neurons produced were of poor quality (illustrated in
Figure 3.3) or most commonly the cells died and/or detached during the earlier stages of the
differentiation procedure. Promising hESCs not only looked homogenous by phase contrast
microscopic examination, but also typically formed large, tightly packed colonies with round
edges and a high nucleus-to-cytoplasm ratio (Figure 3.2A). After a split at day 8 of the
differentiation procedure, rosettes began to form - a reliable indication that neural progenitors
had been generated (Figure 3.2B). At day 16, progenitors were counted and 1 million cells
were added to each well of a 12-well plate. From this time onwards, neurons began to elongate
processes (Figure 3.2C) and the last differentiation medium was added to cells at day 23.
Subsequently, the cellular morphology did not dramatically change and neurons remained
evenly distributed (Figure 3.2D). Possible contaminations by bacteria and mycoplasma were
regularly checked whereby antibiotics were used from day 0 of the differentiation procedure

and throughout (see Chapter 2, Materials and Methods).
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Day 16
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Day 23

Figure 3.1. Scheme of the differentiation procedure.

Summary of the differentiation protocol described in Materials and Methods with the gradual
expansion of cells and most typical split ratios indicated at each stage.
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Figure 3.2. Phase contrast images of H9 cells illustrating the different phases of the
differentiation procedure.

Phase contrast images (20 X magnification) showing optimal cultures of: H9 hESCs ready for
differentiating (A), day 10 progenitors showing neural progenitor rosettes (B, red circle
indicates a neural rosette), day 19 neurons (C) and day 27 neurons (D) that had been in
terminal differentiation medium for 4 days and were ready for experimentation.
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To ensure the generation of reproducible results, it was important to identify cultures unlikely
to be suitable for further experimentation whereby slight inconsistencies in cell density and
clustering between differentiations were difficult to eliminate entirely. The most common
identified factor accounting for experimental variability was the Matrigel solution used for
coating the wells. This coating matrix is relatively ill-defined and significant batch-to-batch
variability was noted, leading in some cases to the clustering of neurons and the formation of
thick cable-like structures (Figure 3.3A). These lead to the gradual detachment of neurons

and sparse cultures with increasing number of dead cells over time (Figure 3.3B).

Figure 3.3. Examples of neuronal morphology unsuitable for experimentation.

Phase contrast images (20 X magnification) of sub-optimal neuronal cultures of H9 neurons.
Cellular clumps and thick cables have formed (A). Cells have also gradually detached from
the well resulting in the accumulation of debris from dead cells and processes resulting in low
cell density (B).
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3.2.2. Detection of TrkC by Western blot in lysates of cells transfected with Trk

receptors

A previous set of results using the same differentiation protocol and the same H9 hESCs
indicated significant expression of TrkC (AKA NTRK3) as a result of the RNAseq experiments
performed with these cells (Merkouris et al. 2018). The same analysis also indicated barely
detectable expression of other NT3-binding receptors, namely TrkA (AKA NTRK17) and p75
(AKA NGFR, see General Introduction). These results were replicated here (see Chapter 8).
Such low levels of RNA expression are unlikely to generate detectable levels of the

corresponding proteins.

Using lysates of transfected CHO cells constitutively expressing human TrkA, B or C, affinity
purified goat polyclonal anti-TrkC antibodies were then tested using lysates of these cells
(Figure 3.4A) as well as TrkA, TrkB, TrkC or non-transfected (designated HEK293 control)
HEK293 lysates (Figure 3.4B). Only very small amounts of the corresponding HEK293 cell
lysates were available (kind gift from Dr. Jia Xie), whilst the TrkB- and TrkC-expressing CHO
cells could be grown as needed (these cells were originally generated by Dr. Jia Xie also and
kindly gifted for use in this project). The TrkC polyclonal antibodies used here have been
raised against the secreted extracellular domain of mouse myeloma cell line NSO using the
human TrkC sequence comprising Cys31 to Asp428. It is thus likely that these antibodies
recognise conformation-dependent epitopes imposed by the formation of disulfiide bridges,
known to be present in Trk receptors including TrkC. As illustrated in Figure 3.4, these
antibodies turned out to be specific for TrkC, with no sign of cross-reactivity with either TrkA
or TrkB. Given the way these antibodies were raised (see above) it was of interest to test CHO
and HEK293 lysates with and without reduction with DTT prior to separation by SDS gel
electrophoresis. As could be expected, the absence of reduction led to a more intense TrkC
signal, both with CHO and HEK293 lysates (Figure 3.4A and B).
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Figure 3.4. Validation of an anti-TrkC antibody using transfected CHO and HEK293

cells.

Lysates of CHO cells transfected with either TrkB or TrkC cDNAs were subjected to SDS gel
electrophoresis and probed with an anti-TrkC antibody (A). Note the absence of signal in
lysates of cells transfected with TrkB. (B). Lysates of HEK293 cells transfected with either
TrkA, TrkB or TrkC or non-transfected (HEK293 control). Note the absence of signal with TrkA
and TrkB. With both CHO and HEK293 cells the signal intensity for TrkC was increased in the
absence of DTT treatment of the cell lysates. (C). and (D). show Ponceau stains
corresponding to both blots.

49




3.2.3. Detection of TrkC by Western blot in lysates of H9 neurons

Following validation of the TrkC antibody with transfected cells, H9 neuronal lysates were then
probed also with and without DTT treatment (Figure 3.5). A clear signal could be detected yet
several bands could also be detected with and without DTT treatment of the lysates,
presumably reflecting different degrees of N-glycosylation. Indeed, all Trk receptors are known
to be heavily N-glycosylated whereby it is interesting to note that these multiple TrkC-reactive

bands were observed with H9 neurons, but not with HEK293 or CHO cell lysates.
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Figure 3.5. Expression of TrkC by H9 neurons

Western blots of H9 neuronal lysates that were subjected to SDS gel electrophoresis and
probed with the anti-TrkC antibody showing that TrkC is expressed in terminally differentiated
H9 neurons and is detected more readily when lysates are not denatured in the presence of
DTT (A). (B). shows Ponceau stains corresponding to both blots.
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3.2.4. Time course of TrkC expression in lysates of H9 neurons

Having established the specificity of the TrkC polyclonal antibodies and that H9 neurons
expressed the receptor, the timing of TrkC expression during the course of neuronal
differentiation was then explored. Lysates were prepared at several DIV (days in vitro), namely
DIV 17, 21 and 30, separated by gel electrophoresis and probed for TrkC expression with the
TrkC polyclonal antibody described in the above. TrkC was shown to be expressed at DIV 21
and at clearly higher levels than at DIV 17 (Figure 3.6) showing that neuronal maturation
impacted the expression of TrkC. In view of these results, cells were not used for experiments
before day 27, with most experiments performed between DIV 27-33. .

DIV17 DIv21 DIv23 DIV30 DIvVli7  DIv21l Div2z3  DIV30

260—|
160 —] 260 —
—— 260 —
$ bed Al 18 o]
= - o—] 120 —
60 — 60— A==
50 —

50—
40— 40—

60 —

50 —
40 —

4 &tiN

30—
30—

30—

Anti-TrkC Anti-TrkC -

"‘- - |

Figure 3.6. Expression of TrkC during neuronal maturation.

H9 neuronal lysates were separated by SDS gel electrophoresis and probed with anti-TrkC.
The Western blots suggest that TrkC begins to be expressed robustly between DIV 17 and
DIV 21 (A, left panel), to reach maximum expression at DIV 23 (A right panel). Expression is
then maintained throughout terminal differentiation (A right panel). (B). shows Ponceau stains

corresponding to both blots. This result was reproduced 3 times with 3 different
differentiations.
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3.2.5. Quantification of TrkC expression by cultured neurons

To determine the proportion of TrkC-expressing neurons, progenitors were plated at low
density on poly-D-lysine-coated coverslips and stained with a B-IlI-tubulin (Tuj1) monoclonal
antibody, or a previously characterised rabbit monoclonal anti-TrkC antibody suitable for this
purpose (Takahashi et al. 2011). The use of this monoclonal antibody followed a large number
of experiments performed with the TrkC goat polyclonal antibody described in the above
leading to the conclusion that it cannot be used for immunocytochemistry experiments,
possibly because the epitopes are sensitive to the fixation procedure. This interpretation is in
line with the results presented in the above indicating that the epitopes recognised by the goat
polyclonal anti-TrkC antibody are conformation-sensitive, with the signal intensity markedly
decreasing following reduction with DTT (see above). The mean percentages + SEM of Tuj1-
positive neurons were 72.9 + 3.1 (Figure 3.7 left panel) and 68.9 £ 1.9 (Figure 3.7 middle
panel) for neurons stained with TrkC. The remaining 21.7% of neurons that were not stained
with Tuj1 were considered to correspond to the nuclei of dead cells, known to readily take up
DAPI rather than to non-neuronal cells in the culture. This was confirmed using phase contrast
observation (Figure 3.7 bottom left panel) where no non-neuronal cell morphology was
observed whereby dead cells were observed in the culture (red arrows) possibly due to the
low density of cell plating. As dead cells do not synthesise protein, it was concluded that these
cells could not contribute to the TrkC-positive cell count and therefore that the Tuj1-expressing
and TrkC-expressing cells overlapped. This means that essentially all Tuj1-expressing cells

express TrkC.
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Rabbit 488

Figure 3.7. Expression of TrkC by H9 neurons: Immunofluorescence.

H9 neuronal progenitors were plated at low density on coverslips and stained with a rabbit
TrkC monoclonal antibody (middle panel) or an anti-B-lll-tubulin (Tuj1) mouse polyclonal
antibody (left panel). Note the punctate appearance of TrkC staining, both on processes and
cell bodies. The image in the right panel was obtained by omitting incubation with the primary
antibody. The anti-rabbit secondary antibody only gives a barely detectable signal (right
panel).The mean numbers + SEM of Tuj1-positive neurons were 72.9 + 3.1 and 68.9 + 1.9
for neurons stained with TrkC. The bottom left panel shows a phase contrast image of H9
neurons on coverslips and examples of dead cells within the culture are indicated by the red
arrows.
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3.2.6. Activation of TrkC by NT3 and comparison with TrkB activation in transfected

cells

To determine TrkC activation in response to NT3, an anti-phospho-Trk antibody was used that
targets phosphorylated tyrosine residues 701 and 702 in the activation loop of TrkC, thus
reflecting the activity of the kinase domain of TrkC. This is important as Trk receptors can also
be tyrosine phosphorylated by other kinases thereby acting as substrates rather than active
enzymes (see Discussion). Also, it is critical to note that owing to the near identical kinase
domains of the Trk receptors, antibodies directly reflecting receptor activation do not
distinguish between P-TrkB and P-TrkC.

The results with the TrkC- and TrkB-expressing CHO cells indicate that comparatively high
concentrations of NT3 are needed to activate TrkC (Figure 3.8A). Whether such
concentrations are ever reached in vivo is questionable and subsequent experiments with
neurons revealed that TrkC activation actually occurs at much lower concentrations (see
Chapter 7). Compared with TrkC, a stronger NT3-induced P-Trk signal was observed with
TrkB-expressing CHO cells (Figure 3.8B), possibly due to a larger number of TrkB receptors
being present in these cells. This interpretation is supported by the observation that a P-Trk
signal was observed in the absence of NT3, suggesting receptor autophosphorylation known
to occur with overexpressed Trk receptors. These results confirmed previous results by others
that TrkB can be readily activated by NT3 in heterologous system (for review, see Barbacid
1994).

These results indicate that NT3 signalling through TrkC cannot be studied unequivocally in
neurons co-expressing TrkB such as those derived from H9 hESCs or indeed most neurons
in the mammalian brain. As detailed in Chapter 5, TrkB was then eliminated in hESCs in order

to study TrkC signalling without also activating TrkB.
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Figure 3.8. TrkB and TrkC activation by NT3 in transfected CHO cells: Dose response.

CHO transfected cells were treated for 20 min with various concentrations of NT3, the lysates
separated by SDS gel electrophoresis and probed with anti-phospho-Trk. Note that whilst the
P-Trk signal saturates at about 2 nM NT3 with the TrkC cells (A) it keeps increasing with the
TrkB cells (B). (C). and (D) show Ponceau stains corresponding to both blots.
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3.3. Short Discussion

The main result detailed in this Chapter indicates that neurons generated from the hESC clone
H9 express the NT3 receptor TrkC, not only at the RNA, but also at the protein level. This
conclusion was reached using 2 different antibodies: a monoclonal antibody validated for
immunocytochemistry (Takahashi et al. 2011) and polyclonal antibodies suitable for Western
blot shown not to cross-react with TrkA and TrkB (Figure 3.4). The TrkC signal observed with
these polyclonal antibodies was considerably more intense when the cell lysates applied to
the gel were not incubated with reducing agent DTT, in line with the fact that these TrkC
antibodies were raised against the secreted, presumably glycosylated extracellular domain of

TrkC that contains several cysteine residues involved in the formation of disulfide bridges.

The presence of multiple bands suggests that TrkC is likely N-glycosylated in neurons in a
more heterogenous fashion than is the case in CHO or HEK293 cells for reasons that are
unclear. Whether or not neuron-specific glycosylation may be related to the ability of TrkC to
be activated by much lower concentrations of NT3 in neurons than is the case in other systems
(see Chapter 7) is unclear at this point. Whatever the explanation may be, these results further
emphasise the need to study receptor activation, TrkC in this case, in a relevant neuronal
context as opposed to heterologous systems involving over-expression. This may be
particularly important in the case of TrkB and TrkC as both receptors are closely related and
share the same biosynthetic pathways, including N-glycosylation and the formation of disulfide

bridges.

Determining the proportion of TrkC-expressing neurons was essential, given the assumption
underlying these types of studies that all cells react similarly when exposed at the same time
to the same reagent. The immunocytochemistry experiments needed to quantify receptor
expression were complicated by the observation that the antibody used for Western blot did
not allow a reproducible staining of fixed neurons, presumably because the epitopes
recognised by this antibody may be conformation dependent and did not survive the fixation
procedure. Quantification of the percentage of TrkC-expressing neurons could be achieved
using a previously validated monoclonal antibody suitable for immunostaining (Takahashi et
al. 2011). Crucially, this antibody revealed that essentially all Tuj1-postive, process-bearing
cells derived from H9 hESCs expressed TrkC, thus justifying the further use of these neurons

in mass analyses following the lysis all neurons exposed to NT3 (see Chapters 6, 7 and 8).

In addition, this culture system is particularly suitable for the study of downstream events

triggered by NT3 and solely downstream of TrkC activation as the two other NT3 receptors to
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consider, namely p75 and TrkA are not expressed at detectable levels in H9 neurons. The
same characteristics apply to A10 neurons (see Chapter 8). P75 expression would have
significantly complicated the analyses as it has been reported to bind NT3 with high affinity
(Dechant et al. 1993). Furthermore, the co-expression of p75 together with TrkB dramatically
reduces the ability of NT3 to activate TrkB, at least in heterologous overexpression systems
(Bibel et al. 1999a). With regard to the NGF receptor TrkA, activation by NT3 has been
proposed to explain some of the differences observed when comparing the sympathetic

systems of animals lacking either NT3 or TrkC (Kuruvilla et al. 2004).

This leaves TrkB as the only plausible receptor to be activated by NT3 in H9-derived neurons
and clearly, NT3 is a potent activator of TrkB in transfected CHO cells (Figure 3.8B),
confirming previous well known observations in the field (for review, see Barbacid 1994). As
most neurons in the mammalian CNS co-express TrkB and TrkC (see General Discussion),

TrkB expression was then investigated in these cells (see Chapter 4).
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Chapter 4 - Neurons derived from wild-type human
embryonic stem cells express the BDNF/NT4 receptor TrkB
at higher levels than TrkC

4.1. Short Introduction

Previous work with neurons derived from human H9 hESCs has established that the kinase
domain of TrkB can be activated by BDNF, NT4 and a novel TrkB-activating antibody
(Merkouris et al. 2018). As TrkB can also be activated by NT3 (see Introduction), the question
arose as to whether TrkB can also be activated by NT3 in H9 human neurons and if so, how
TrkC signalling could then be meaningfully studied in this system. Previous work revealed that
the ability of NT3 to activate TrkB is context-dependent and that for example in rodent neurons,
higher NT3 concentrations are needed to activate TrkB than in transfected cells (see for
example Boltaev et al. 2017). This is possibly due to the co-expression of other NT3-binding
receptors such as the neurotrophin receptor p75 (Dechant et al. 1993). Whilst RNAseq data
indicates that H9 neurons do not express the NGF receptor TrkA (NTRKT) or the pan
neurotrophin receptor p75 (NGFR) at significant levels, the question arose as to whether TrkB
activation by NT3 may mask TrkC activation, especially if TrkB levels of expression would be
significantly higher than those of TrkC as suggested by RNAseq data (Merkouris et al. 2018).
Also, no tools are available allowing a distinction of the kinase-active form of the different Trk

receptors.

Therefore, the main aim of this chapter was to explore TrkB expression and activation in H9
neurons and to try and quantify the relative degree of expression of TrkB and TrkC. A further
aim was to investigate whether all cultured neurons also express TrkB, as was shown to be
the case for TrkC (see Chapter 3). Last, given recent results that all drugs used to treat
depression bind to TrkB (Casarotto et al. 2021), it was of interest to explore whether some of

the most commonly used antidepressants may modulate TrkB signalling in human neurons.
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4.2. Results

4.2.1. Validating commercially available antibodies for TrkB detection

Polyclonal anti-TrkB antibodies were first validated using lysates of CHO cells overexpressing
either TrkB or TrkC (Figure 4.1A) or of transfected HEK293 cells overexpressing either TrkA,
TrkB or TrkC (Figure 4.1B) (both CHO and HEK293 cells were also used in Chapter 3). A
weak cross-reactivity with TrkC was observed with CHO cell lysates expressing TrkC in the
absence of reduction and at a high protein concentration of the lysates treated with DTT
(Figure 4.1C). Both with and without DTT, the same polyclonal antibodies failed to reveal
significant cross-reactivity with TrkA or TrkC (Figure 4.1B) whereby for reasons explained in
Chapter 3, the protein load was less in the case of HEK293 cell lysates (compare Figure 4.1C
with Figure 4.1D). The overall conclusion of these experiments is that the TrkB antibody used

recognises TrkB much more readily than TrkC.
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Figure 4.1. Validation of polyclonal anti-TrkB antibodies using transfected CHO and

HEK293 cells.

(A). Lysates of CHO cells transfected with either TrkB or TrkC cDNAs were separated by SDS
gel electrophoresis and probed with anti-TrkB polyclonal antibodies. (B). Lysates of HEK293
cells transfected with either TrkA, TrkB or TrkC or non-transfected (HEK293 control). Note the
absence of signal with TrkA and TrkC. With both CHO and HEK293 cells the signal intensity
for TrkB was increased in the absence of DTT treatment of the cell lysates. Also note the very
slight cross reactivity in lysates of cells overexpressing TrkC when protein concentration was
high (C) and lysates were not denatured with DTT (A). (C). and (D). show Ponceau stains

corresponding to both blots.
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4.2.2. TrkB expression in H9 neurons

H9 neuronal lysates were then analysed by Western blot and probed with anti-TrkB (Figure
4.2). As with the detection of TrkC (see Chapter 3) and as shown in the above, the absence
of reduction with DTT also increased the signal strength (Figure 4.2A). The rationale for
omitting DTT was the same as for the anti-TrkC, given that the antigen used for immunisation
has been generated under the same conditions, presumably involving the formation of
disulfide bridges in the secreted material used as the antigen. Using neuronal lysates at
different time points, TrkB levels of expression seemed to increase during the course of the
differentiation process (Figure 4.2B), roughly paralleling what had been observed with TrkC
(see Chapter 3, Figure 3.6).
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Figure 4.2. TrkB expression by H9 neurons.

H9 neurons were lysed, the lysates separated by SDS gel electrophoresis and probed with
anti-TrkB. (A) Note the higher intensity signal in the absence of incubation with DTT (B). The
signal intensity increases with time in culture (lysates treated with DTT). Note the presence of
multiple bands, the highest molecular weight in (B) possibly corresponding to a TrkB dimer

(Shen and Maruyama 2012). (C) and (D) show the Ponceau stains corresponding to both
blots.
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To investigate whether all neurons expressed TrkB as was found to be the case with TrkC
(see Chapter 3), H9 progenitors were plated at low density on coverslips and stained with
either the anti-TrkB or the mouse B-llI-Tubulin (Tuj1) antibodies to determine the proportion
of neurons expressing TrkB (Figure 4.3). The mean percentages + SEM of Tuj1-positive
neurons were 72.9 + 3.1 (Figure 4.3 left panel) and 72.7+ 2.6 neurons were stained with TrkB
(Figure 4.3 middle panel) indicating that the all cultured neurons expressed TrkB. As
explained in Chapter 3, the identity of the DAPI positive yet not Tuj1 positive cells was
concluded to be due to dead cells/debris (Figure 3.7 bottom left panel). The staining was
further concluded not to be a result of the secondary antibody given the lack of any signal at

all in the processes when the Goat 488 secondary antibody was used without the primary

antibody (Figure 4.3 right panel).

Goat 488

Figure 4.3. Expression of TrkB by H9 neurons: Immunofluorescence.

Neuronal progenitors were plated at low density on coverslips and stained with the anti-TrkB
antibodies (middle panel) or an anti- B-llI-tubulin (Tuj1) mouse polyclonal antibody (left panel).
The image on the right panel was obtained by omitting incubation with the primary antibodies.
The mean numbers + SEM of Tuj1-positive neurons were 72.9 + 3.1 (left panel) and 72.7
neurons were stained with TrkB (middle panel).
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4.2.3. TrkB phosphorylation by multiple ligands

TrkB has been previously shown to be activated by 3 different ligands, namely BDNF,
Neurotrophin-4 (NT4) and the TrkB-activating antibody designated ZEB85 (Merkouris et al.
2018). These results were reproduced here and extended with the unexpected observation
that the TrkB antibodies used for Western blot experiments also induced TrkB phosphorylation
(Figure 4.4A). This result was surprising as these antibodies are described by the
manufacturer (see Material and Methods) as blocking BDNF binding to immobilized

recombinant mouse TrkB.

The fact that structurally distinct ligands could all induce phosphorylation of TrkB raised the
question of whether they all interacted similarly with TrkB. In the context of a collaborative
project with Neil McDonald and David Briggs at the Francis Crick Institute, 2 TrkB extracellular
domains were generated comprising the TrkB extracellular domain up to either Glycine_383
or Histidine_432. Using these constructs in a Western blot experiment, ZEB85 binding to TrkB
could be narrowed to the sequence between Glycine_383 and Histidine_432 (Figure 4.4B).
This was an unexpected result in view of the facts that functionally, BDNF and ZEB85 are
indistinguishable (Merkouris et al. 2018) and that the binding sites of all neurotrophins have
been mapped to the second immunoglobulin-like repeat of the Trk receptors (Banfield et al.
2001). The TrkB sequence between Glycine_383 and Histidine_432 is not part of this
immunoglobulin-like domain. A representation of the binding sites of TrkB ligands BDNF, NT4
and ZEBS85 is shown in Figure 4.4C.
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Figure 4.4. Activation of TrkB by multiple ligands.

H9 neuronal lysates were separated by SDS gel electrophoresis and probed with anti-P-Trk
showing ligand-induced phosphorylation by BDNF, ZEB85 and anti-TrkB. All treatments were
for 1 hour (A). (B). Western blot analysis of 2 TrkB sequences extending from the TrkB amino
terminal to either Glycine 383 or Histidine 432 and probed with ZEB85 as the primary antibody.
Histidine 432 is the last amino acid in TrkB ECD before the transmembrane domain (C).
lllustration approximately to scale depicting the TrkB receptor and the binding sites of ligands
used in this project, namely BDNF, NT4 and ZEB85. BDNF and NT4 both bind to the second
immunoglobulin-like domain whereas ZEB85 does not. Scheme (C) adapted from previous
images in use in the Barde Lab.
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4.2.4. TrkB expression relative to TrkC expression

As comparing the endogenous levels of TrkB and TrkC proteins with antibodies would include
the unsubstantiated assumption that the corresponding antibodies would bind their respective
targets similarly, comparisons were made instead at the levels of gene expression. First, a
detailed examination of the available RNAseq data (Merkouris et al. 2018) revealed higher
levels of NTRK2 (TrkB) expression compared with NTRK3 (TrkC) (Figure 4.5). Second, RNA
was extracted from H9 neurons and RT-qPCR performed with NTRK2 and NTRK3 primers
optimised for similar GC contents. These results (Figure 4.6) confirmed that NTRK2 levels are
about 3-fold higher than those of NTRK3. As these results suggest distinctly higher levels of
receptor expression of TrkB compared with TrkC, they should caution any interpretation of Trk
activation by NT3 in TrkB-expressing H9 neurons. Indeed, TrkB activation is likely to mask
TrkC activation, even at relatively low NT3 concentrations because of the higher levels of
NTRK2 expression compared with NTRKS3.
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Figure 4.5. NTRK2 and NTRK3 raw counts from RNA extracted from H9 neurons.
Expression levels of NTRK2 (TrkB) mRNA and NTRK3 (TrkC) mRNA in untreated DIV 30 H9

neurons. Error bars refer to SEM and n = 12 for both genes.

66



4.5 +

3.5 A

2.5 A

1.5 A

Trk expression (fg per fg of GAD1/2)

0.5 4

H9

BNTRK2 BENTRK3

Figure 4.6. Quantification of NTRK2 and NTRK3 mRNAs in H9 neurons by RT-qPCR.

RT-gPCR following RNA extraction from H9 neurons shows higher expression of NTRK2
MRNA relative to NTRK3. Error bars refer to SEM and n = 8 for each gene. All values were

normalised to an average of GAD7 and GAD2 mRNA expression.
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4.2.5. Modulation of TrkB signalling in human neurons by small molecules

Given the poor bioavailability of BDNF, there has been a great interest in the pursuit of small
molecules reportedly activating TrkB whereby the results obtained with some of the most
frequently reported compounds could not be readily replicated (see in particular Boltaev et al.
2017) More recently, a report was published (that our group was asked to comment upon, see
Ateaque and Barde 2021) indicating that all drugs commonly used to treat depression,
including those that are structurally unrelated, bind TrkB and potentiate its activation by BDNF
in a cholesterol-dependent manner (Casarotto et al. 2021). In Figure 4.4C, a red line at the
top of the TM points to a CHOL-recognition and alignment (CRAC) motif thought to bind
cholesterol (Casarotto et al. 2021) and is not found in TrkA or TrkC (see short discussion). It
was thus of interest to test whether some of the most commonly used antidepressants may
modulate TrkB activity in cultured H9 human neurons. Accordingly, potentiation of BDNF-
induced phosphorylation of TrkB by imipramine and fluoxetine was examined as well as the
role of cholesterol. An initial pilot experiment did suggest that the addition of cholesterol to the
culture may cause a slight potentiation of BDNF-induced TrkB phosphorylation (Figure 4.8A
and B, red circles) whereby cholesterol was unable to independently induce phosphorylation
of TrkB (Figure 4.8C). No changes were observed with regard to the phosphorylation status
of TrkB following fluoxetine or imipramine addition, with or without BDNF (Figure 4.8B and C).
To test whether these treatments may modify the levels of TrkB expression, lysates of treated
cells were examined by Western blot analysis but no differences in protein levels were
apparent (Figure 4.7). No activation of TrkB could be observed with any of the small molecules
used and the initial observation of the potentiation of BDNF-induced TrkB phosphorylation by
cholesterol could be reproduced in some, but not in other experiments. In sum, these
preliminary results obtained with antidepressants and cholesterol addition remained

inconclusive (see short discussion).
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Figure 4.7. Expression of TrkB in H9 neurons treated with cholesterol and/or
imipramine/fluoxetine.

Lysates of protein extracted from H9 neurons (denatured in the presence of DTT) were
separated by SDS gel electrophoresis and probed with anti-TrkB. (A). TrkB expression is not
affected by the addition of cholesterol nor imipramine and levels of receptor expression
correlate with amounts of lysates loaded. (B). further shows that TrkB levels are not affected
by cholesterol, nor by fluoxetine. (C). and (D). show Ponceau stains corresponding to both

blots.
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Figure 4.8. Activation/potentiation of TrkB by BDNF with and without cholesterol
and/or imipramine/fluoxetine.

Lysates of protein extracted from H9 neurons were separated by SDS gel electrophoresis and
probed with anti-P-Trk. Red circles (A and B 1-3) indicate what appears to be a gradual, albeit
modest potentiation of the P-TrkB signal with increasing concentrations of cholesterol,
possibly in a time-dependent fashion whereby no potentiation of the BDNF-induced
phosphorylation signal is observed by imipramine (A) or fluoxetine (B). Note that neither
cholesterol, imipramine or fluoxetine independently induce phosphorylation in H9 neurons (B
and C). (D), (E), and (F). show Ponceau stains corresponding to (A), (B) and (C). respectively.
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4.3. Short Discussion

The co-expression of TrkB and TrkC in cultured neurons derived from hESCs is a relevant
and important feature of the culture system used, given that many neurons in the human CNS
co-express TrkB and TrkC (see General Discussion). Also, the observation that essentially all
cultured neurons express TrkB (Figure 4.3) and TrkC (Figure 3.7) is important as it justifies
mass analyses of cultured neurons, as opposed to single cell RNAseq for example. Previous
results with this culture system had also established that functionally, most H9 neurons
respond to BDNF addition using c-Fos staining as a quantifiable reporter (Merkouris et al.
2018).

With regard to TrkB activation, it is surprising that this receptor can be activated by a range of
different ligands (Figure 4.4). Whilst BDNF and NT4 have some important features in common,
and by and large seem to target the same neuronal populations in vivo (Liu et al. 1995), NT3
has its own receptor TrkC and unlike is the case with NT4, it is still unclear whether NT3 can
activate TrkB in vivo (Stenqvist et al. 2005). This is important as most in vitro studies indicating
TrkB activation by NT3 use saturating concentrations of NT3, unlikely to be reached in vivo

(see General Discussion).

In addition to neurotrophin ligands, antibodies can also activate TrkB as demonstrated not
only by Merkouris and colleagues but also in other studies (Traub et al. 2017; Merkouris et al.
2018; Han et al. 2019). Whilst these antibodies were selected for their ability to activate TrkB,
such was not the case for the anti-TrkB antibody used here for Western blot experiments. A
further unexpected observation was that this antibody binds to an epitope distinct from the
neurotrophin binding site, namely the entire ECD of TrkB. It has been previously suggested
that TrkB may exist as pre-formed dimer (Shen and Maruyama 2012) which may also be part
of the reasons for a high molecular weight component seen on Western blot (Figure 4.2B).
Antibodies such as ZEB85 or the anti-TrkB may thus favour a pre-existing dimer conformation
by virtue of these reagents being divalent and not simply because they occupy the BDNF
binding pocket. The existence of pre-existing TrkB dimers has been discussed before (Shen
and Maruyama 2012) and it has been suggested that the extracellular juxtamembrane motif
of TrkB itself has an inhibitory role on receptor dimer formation, and mutating it can promote
TrkB dimer formation (Shen et al. 2019). These structural considerations may have important
implications. In particular, they may play a role in the potentiating effects of cholesterol and
antidepressants on TrkB activation by BDNF. A tyrosine residue uniquely found in the
transmembrane domain of TrkB, and not in TrkA or TrkC, was shown to be involved in

cholesterol binding (Casarotto et al. 2021). The failure to replicate these findings here with
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cultured human neurons, with a read-out targeting the activated domain of the TrkB kinase do
not challenge the conclusions reached by (Casarotto et al. 2021). The delivery of cholesterol
to cultured cells and its incorporation into cell membranes is a complex issue and would need
to be investigated in detail with regard to the mode of delivery as well as the timing of such
experiments. Here, cholesterol was simply added to the cell culture medium and given time
constraints there was no simple way to ascertain whether cholesterol reached the cell
membrane. Astrocytes are thought to be the major source of cholesterol for neurons as the
latter have only a limited ability to synthesise cholesterol (for review, see Pfrieger and Ungerer
2011). A limitation of the culture system used here is that it is relatively devoid of non-neuronal
cells including astrocytes as such cells tend to interfere with the growth of neurons as
monolayers. There was no simple way to assess whether the added cholesterol was inserted
at all into the plasma membrane of the cultured neurons, which may require additional steps
including internalisation and reexport from lysosomes (Meng et al. 2020). If this is to be re-
investigated, methods of controlling cholesterol delivery to the plasma membrane would have
to be considered (Zidovetzki and Levitan 2007).

The main conclusion of this Chapter is that H9 neurons express both TrkB and TrkC at the
protein level. The mRNA data indicate that the levels of NTRK2 are significantly higher than
those of NTRK3, suggesting that the levels of TrkB receptors may be markedly higher than
those of TrkC. These results indicate that meaningful TrkC-mediated signalling by NT3 cannot
be studied using such cells given the ability of NT3 to also activate TrkB (see Chapter 3) and
that further investigations into the activation of TrkC by NT3 in this culture system would
require the elimination of ligand-activatable TrkB. Experiments summarising these attempts

are described in the next Chapter (Chapter 5).
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Chapter 5 - Generation of cells lacking ligand-activatable
forms of TrkB

5.1. Short introduction

The results presented in the previous Chapters not only confirm the notion that TrkB can be
readily activated by NT3 (see Chapter 3) but also that H9 neurons express the NTRK2 (TrkB)
gene at higher levels than is the case for NTRK3 (TrkC) (see Chapter 4). It would then seem
unlikely that in H9 neurons, TrkC-mediated signalling by NT3 could be studied in isolation,
without a contribution of TrkB activation that would be difficult to quantify. In addition, the tools
available to study the activation of the kinase domain of Trk receptors cannot distinguish
between TrkB and TrkC as the residues flanking the pair of critical phosphorylated tyrosine
residues are identical: YSTDYYRVGG. The next step was then to eliminate ligand-activatable
TrkB by gene targeting. To this end, the CRISPR-Cas9-based system (for review, see Doudna
and Charpentier 2014) was used and guide RNAs designed to target the signal sequence of

TrkB with the goal of preventing the activation of TrkB by extracellular ligands.
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5.2. Results

5.2.1. NTRK2 targeting of H9 hESCs using CRISPR-Cas9

The tracrRNA (trans-activating CRISPR RNA) making up the crRNA complex along with the
guide RNA (gRNA, see Figure 5.1 for definitions and explanations) was labelled with a
fluorescent marker thus enabling Fluorescence-Activated Cell Sorting (FACS) of CRISPR-
targeted clones that had incorporated the tracrRNA. A simple summary of the process used
to target the TrkB gene NTRK2 is illustrated in Figure 5.1.

Nucleofection

NTRK2

tracrRNA i |

BRNA/crRNA

Figure 5.1. Overview of the CRISPR-Cas9 procedure.

Scheme depicting the mature crRNA complex consisting of the gRNA (recognises the target
genomic region of interest) and tracrRNA (base pairs with the gRNA to form mature crRNA
which is then able to bind to specific genomic sequences of NTRK2 and guides Cas9 to the
cleavage site). This complex (within the grey oval) was introduced into the nuclei of cells along
with the Cas9 protein via nucleofection. This process involves a brief voltage pulse altering
the membrane properties of the cells, thus allowing the mature crRNA and Cas9 protein to
enter the cell. The Cas9 protein contains a nuclear localisation signal (NLS) to ensure efficient
targeting of the nuclei of cells.
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The gRNAs were designed complementary to a portion of exon 5 of the NTRK2 gene. As exon
5 of NTRKZ2 is known to encode the signal sequence and part of the extracellular domain of
TrkB, the deletion was predicted to prevent translation of the ligand-binding domain of the
receptor. Importantly, each gRNA contained a protospacer adjacent motif (PAM) allowing
exogenous DNA to be distinguished from endogenous DNA and sequence-specific Cas9
cleavage to occur. As shown in Figure 5.2A, the initiation codon of NTRK2 was targeted and
three guide RNAs designed to maximise the chances of a deletion — one was designed to the
sense strand and two on the antisense strand (Figure 5.2B). A successful targeting event was
predicted to generate amplification products smaller by 47 bp, 104 bp or 151 bp compared
with untargeted NTRK2 (Figure 5.2B). Particularly for the larger deletions, the size differences
were readily detectable by gel electrophoresis (Figure 5.4) as the primers (outlined in purple
in Figure 5.2A) were designed to flank the CRISPR-targeted region of NTRK2.
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ATGTCGTCCTGGATAAGGTG*GCATGGACCCGCCATGGCGCGGCTCTGGGGCTTCTGCTGGCTGGTTGTGGGCTT
CTGGAGGGCCGCTTTCGCCTGTCCCACGTCCTGCAAATGCAGTGCCTCTC*GGATCTGGTGCAGCGACCCTTCTC
CTGGCATCGTGGCATTTCCGAGA*TTGGAGCCTAACAGTGTAGATCCTGAGAACATCACCGAAAT

Figure 5.2. Design of guide RNAs and predicted deletions.

(A). The portion of exon 5 of NTRKZ2 targeted (file assembled in SnapGene) as well as primer
sequences used in the genotyping to differentiate targeted cells from non-targeted cells. The
3 gRNAs are indicated as well as the portion of NTRK2 to be deleted. A summary of the
CRISPR process is also shown and the possible base pair deletions in (B). The sense strand
gRNA sequence is highlighted in green and guide RNA sequences on the antisense strand
are highlighted in red. PAM sites are underlined and predicted Cas9 cleavage sites are
indicated *. On the coding sequence of NTRK2 exon 1, the sense strand guide RNA sequence
is highlighted in green and guide RNA sequences on the antisense strand are highlighted in
red. PAM sites are underlined and predicted Cas9 cleavage sites are indicated *.
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Following nucleofection, the cells were plated and cultured overnight before FACS analysis
the following day. The success of the FACS procedure was ensured by the detection of highly
fluorescent cells in the nucleofected clones (Figure 5.3A), compared to a lack of fluorescence
in the non-nucleofected controls (Figure 5.3B). This meant that cells in the nucleofected
sample had likely incorporated the fluorescent tracrRNA i.e the crRNA. The top 3% of
fluorescing cells were collected (9,500 cells), plated onto a 10 cm dish and cultured until
colonies (derived from a single cell) could be manually picked for genotyping. It was important
that colonies were plated at low density to prevent them growing into each other and forming
heterogeneous clones representing a mixture of targeted and non-targeted cells. Nonetheless,

this turned out to be the case for clone E10 (see Figure 5.4).
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Figure 5.3. Separation of control and transfected cells by fluorescence intensity.

Nucleofected cells were FACS sorted and fluorescence levels of nucleofected cells relative to
cell count are shown. (A) indicates non-transfected controls i.e. cells not fluorescing. (B).
indicates nucleofected cells showing fluorescence. The P3 section indicates the cells selected
for plating. Note that in the nucleofected sample, most cells were fluorescing (B) indicating
they had likely incorporated the fluorescent tracrRNA.
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5.2.2. Identification of CRISPR/Cas9-targeted clones

Primers were first tested and the PCR protocol optimised using DNA extracted from wild-type
H9 hESCs to ensure that a clear single banded product corresponding to NTRK2 could be
observed. Once the colonies had reached a sufficient size, they were manually picked and
plated into a 96-well plate for genotyping. Targeted cells were predicted to generate a smaller
NTRK2 fragment caused by the Cas9 endonuclease deletion. After the first round of
genotyping, it became apparent that some colonies may have had only one of two alleles
targeted, i.e. they were heterozygotes. It was also apparent that due to the differing intensities
of the amplified DNA fragments, some clones were likely to consist of a mixture of targeted
and untargeted cells (Figure 5.4, E10 clone, left panel circled in red), presumably due to the
fact that colonies grew into each other. Subsequently, clone E10 was re-plated as single cells
at a very low density and allowed to grow into colonies now with each colony derived from a
single cell. Clones were re-genotyped (Figure 5.4 right panel) resulting in multiple clones
producing a lighter fragment than the heavier wild-type NTRK2 fragment. This suggested that
E10 did contain a mixture of targeted and non-targeted cells, with the difference in base pairs
being around 150 bp, as predicted by the gRNA design. As a result, the clones thought to be
NTRK?2 targeted that were selected for validation were A10, B1 and D2. Suspected non-
targeted clone C9 was also selected as a control that was subjected to the CRISPR-Cas9
process yet did not appear to contain the deletion (clones selected shown in Figure 5.4 circled

in red).
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Figure 5.4. Genomic DNA size analysis of selected cells.

DNA was extracted from clones derived from a single cell and subjected to PCR amplification
and gel electrophoresis. E10 (left panel, red circle) was hypothesised to be a clone consisting
of both targeted and non-targeted cells and this was confirmed by re-plating and re-genotyping
of E10 (right panel). Heavier fragments were likely cells that were not targeted by the CRISPR-
Cas9 procedure and had therefore retained the full exon 1 sequence. Smaller fragments were
hypothesised to contain the exon 1 deletion. Clones circled in red were selected for DNA
sequencing.
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To confirm that exon 5 sequences encoding the initiation codon of NTRK2 had been deleted,
DNA was extracted from A10, B1, D2, C9 and wild-type H9 and DNA sequencing was
performed. C9 was found to be identical to wild-type H9 (sequencing results shown in Figure
5.5) confirming no off-target CRISPR effects on the primer flanking portion of exon 1 of the C9
NTRK2 gene. This meant that C9 should technically still contain a ligand-activatable form of
TrkB, despite going through the targeting process. This clone was then exploited as a relevant
control to explore whether the process of nucleofection and FACs had permanently damaged

the cells or caused them stress that may have prevented them differentiating as efficiently and

homogenously as wild-type cells.
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Figure 5.5. DNA sequence of the wild-type H9 clone at the NTRK2 exon 1 locus.

DNA sequencing results from hESC H9 wild-type clone. Black bold indicates the last bases of
the actual sequence results, red italics indicate the primers used for genotyping of clones,
green bold indicates the protein coding exon 1 and green underlined indicates the deleted
sequence in A10 and D2 knock out cells as predicted by the gRNAs (Figure 5.2B). This would
bring into frame a downstream stop codon which would result in a truncated protein.
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Using the DNA sequencing results from clones H9, C9, B1, A10 and D2, the predicted amino
acid sequences were translated (Figure 5.6A) following an alignment using CRISPR-ID. The
TrkB amino acid sequences of C9 and H9 were found to be identical. Indeed, B1 showed a
different translated sequence for allele 2 when analysed by CRISPR-ID and A10 and D2 were
also concluded to be differentially targeted due to the amino acid differences after the stop
codon (Figure 5.6A). An alignment of the DNA sequences of B1 and A10 also revealed several
single nucleotide differences (Figure 5.6B), leading to the conclusion that B1 possessed a
different deletion of the TrkB ECD to A10 and D2.

A B
allele 1 MSSWIRWHGPAMARLWGFCWLVVGFWRAAFACPTS... ALO GCACTGGCTCCTAGGCErCETC “1C 240
WT Bl GCACTGGCTGCTAGGGHENE 240
allele 2 MSSWIRWHGPAMARLWGFCWLVVGFWRAAFACPTS... | sxssrssxeeseexxnsns
al0 AGTTCCTGNANC 300
A10 allele 1 MSSWIRWDLVQRPFS*LQAISENPENLSKT*VHGRIA..... Bl AGTTCCTGGANN 300
allele 2 MSSWIRWDLVQRPFSWHGRNSVVGAXKSGFXDPHAY..
AlL0 TTTTCCTCCTTTTTGTCCTTGTTCTTCCITTTTCACCTGGCCNNGNGGGNANGACCTGGA 360
Bl TITTGCTCCTTTTTGTCCTTGTTCTTCCGTTTTCACCTGGCCNNGAGGGNANGACCTGGA 360
81 allele 1 MSSWIRWDLVORPFSkLQAISENADNISKLAVPGPFA..... | *%%% =@rersssss s i oo
allele 2 MSSWIRWDLVQRPFSWLQAICVNPANISKM*VPGAF..... al0 NNTGNGNGNNGNCCCNGGANNGGNNAGAAGTCHNANARNN 420
Bl NNTGNGNGCNGNCCCNGGANNGGNNAGAAGTCCNANAANNGAC 420
D2 a“ele 1 MSSWIRWDLVQRPFS*LQA|SENPDNISKL*VPGPFP """ AlQ NNGTNNNNTACCTGNTGNTNCGNTGNNTTANNGCTGTTTCACTGG! Amm———————— 469

allele 2 MSSWIRWDLVQRPFSWHGRNSVVGAXQSGT*EHHG.... B1 CTGTNNNNTACCTGNTGTTTNNCTGGNTTCCTGCTGTTTCACT CNNNNNCCANCA 480

««««««««««««««««««««««««««««««««««««

Figure 5.6. Predicted protein sequences of targeted clones.

Predicted N-terminal sequence of TrkB based on the nucleotide sequences determined for
clones that remained untargeted (wild-type) and for each allele of the knockout clones A10,
B1 and D2 analysed with CRISPR-ID (A). Green sequence shows identity to TrkB. Frameshift-
associated translated sequence is shown in red. % indicates in-frame stop codons and
downstream untranslated sequences are in black. Most subsequent experiments were
performed with a clone designated A10 but the deletion of TrkB and the activatability of TrkC
by low concentrations of NT3 was also verified with differentially targeted clone B1 (B) and an
alignment with A10 shows SNPs indicated in yellow highlight. Green indicates exon 1 and
green underlined indicates translated sequence from ATG (green highlight) until one of the
TGA stop codons (blue highlight) is brought into frame by the deletion (in the case of A10 the
sequencing results are unambiguous, meaning that the first TGA codon would terminate
translation). Red indicates reverse primer.
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5.3. Short discussion

The main conclusion of this Chapter is that H9 hESCs could be selectively targeted and clones
isolated carrying a deletion in exon 5 of the NTRK2 gene preventing the initiation of the
translation of TrkB. The DNA sequences of these clones, A10, D2 and B1 revealed that they
were differentially targeted (Figure 5.6). All could be successfully expanded in an
undifferentiated state with a similar efficiency to H9 hESCs and their ability to generate
neurons was indistinguishable from the H9 and the C9 clones (see Chapter 6), the latter
having also been subjected to nucleofection and the sorting procedure. Whilst these results
do not rule out off-target effects of the CRISPR procedure, they suggest that the key
characteristics of the targeted clones have been preserved. In addition, cells carrying
significant chromosomal abnormalities may have been selected against during sub-cloning
and would have not differentiated into neurons (see Chapter 6). Indeed, the process of hESC
sub-cloning selects for the most rapidly dividing cells, corresponding to the cells that have
remained pluripotent (see Yazdani et al. 2012 for discussion). Most importantly, the RNAseq
analysis detailed in Chapter 8 indicates that around 95% of the over 14,000 genes analysed

are expressed at similar levels in H9 and A10 neurons (see Chapter 8, Figure 8.4).

The demonstration that this strategy led to the elimination of ligand-activatable forms of TrkB

is the object of the following Chapter.
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Chapter 6 - Characterising neurons lacking ligand-

activatable forms of TrkB

6.1. Short introduction

The experiments detailed in the previous chapter led to the generation and isolation of
targeted clones A10 and B1. These clones were selected for differentiation and subsequent
validation at the protein level. Clone D2 was also differentiated and analysed whereby only
the results obtained with A10 are illustrated in this chapter, in addition to the results obtained
with differentially targeted clone B1. The first step was to successfully generate neurons from
hESCs from all clones, including C9 as a control for the entire procedure (see Chapter 5).
The behaviour and differentiation of the targeted clones was monitored in detail and compared
at every step with wild-type H9 hESCs, progenitors and neurons. This was especially
important given that TrkC, expected to be expressed in the absence of ligand-activatable
forms of TrkB, can cause the death of cells and neurons in the absence of TrkC activation by
NT3, both in vitro and in vivo (Tauszig-Delamasure et al. 2007; Nikoletopoulou et al. 2010;
Menard et al. 2018). This Chapter also explores in detail whether ligand-activatable forms of
TrkB are expressed in targeted clones in which sequencing data indicates that exon 5 of

NTRK2 has been successfully targeted in both alleles.
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6.2. Results

6.2.1. Generation of neuronal progenitors and neurons from hESC clones targeted at
the NTRK2 locus

FACS isolated clones were passaged until the morphology and rate of cell division typical of
H9 hESCs was achieved (see Chapter 3). Once their phase contrast appearance and rate of
cell division was found to be similar to wild-type hESCs (Figure 6.2A-C), they were assessed
for their ability to generate progenitors. To this end, progenitors were quantified at day 16 of
every differentiation and the number found to be indistinguishable between A10 and H9
clones, regardless of whether progenitors had been stored frozen and thawed or directly taken
through the differentiation procedure (Figure 6.1). These results suggest that neither the
CRISPR-Cas9 procedure nor the targeting of NTRK2 (TrkB) significantly affected the

processes leading to the generation of neuronal progenitors from hESCs.
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Figure 6.1. Counts of progenitors generated from TrkB-targeted hESC clones.

Quantification of the number of progenitors on day 16 of the differentiation procedure revealed
no significant differences between targeted clone A10 and wild-type H9 whether cells were
differentiated from hESCs (A) or thawed from 3 pooled vials of frozen progenitors (B). The
error bars refer to SEM and significance indicated with asterisks: ***p < 0.001, *p < 0.01 and
ns = p > 0.05. For both H9 progenitors and frozen progenitors n = 7, for A10 progenitors n =
6 and frozen progenitors n = 7.
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ESCs

Day 22 neurons

Targeted and untargeted hESC clones (C9, B1 and A10) were then subjected to the exact
same differentiation protocol as for wild-type H9 (see Chapter 3). Using this procedure, no
apparent abnormal cellular morphology was observed that could be attributed to cells that
were targeted, untargeted or wild-type (Figure 6.2). All neurons were also able to be

maintained in culture for as long as wild-type neurons, i.e. around 60 days.

Figure 6.2. Generation of neurons from targeted hESC clones.

Phase contrast images of C9, B1 and A10 undifferentiated hESCs (A-C respectively) and DIV
22 C9, B1 and A10 neurons (D-F respectively). All clones whether targeted (B1, A10) or
untargeted (C9) could be maintained in an undifferentiated hESC state and then successfully
differentiated into neurons. No morphological differences could be observed between wild-
type (H9), untargeted (C9) and targeted (A10, B1) clones at any stage of the differentiation
procedure.

87



To explore whether the addition of NT3 may play a role in the survival of neurons generated
from NTRK2 targeted hESCs, A10 progenitors were plated onto a 12-well plate and all wells
supplemented with 2 nM NT3. The following day, NT3 was removed and only half of the wells
were re-supplemented with NT3 every other day over the course of 10 days. If TrkC would
function as a “dependence receptor” in this experimental setting, then the cultures deprived of
NT3 would be expected to exhibit more cell death. However, no clear changes in cell density
were observed between A10 cultures supplemented with NT3 and those deprived of it,
indicating that TrkC did not function as a dependence receptor in this context or else that the

expression levels of TrkC in these neurons are too low to cause cell death.

6.2.2. Validation of NTRK2 targeted neurons at the mRNA and protein levels

TrkB and TrkC protein levels were then explored in neurons derived from wild-type H9,
untargeted C9 and targeted A10 and B1 hESCs. To this end, protein was extracted and
analysed by Western bot. The membranes were probed after transfer with the anti-TrkB and
anti-TrkC antibodies validated in Chapters 3 and 4. As the results presented in these previous
chapters indicated that the TrkC and TrkB antibodies give a stronger signal in the absence of
DTT treatment of the cell lysates, DTT was omitted prior to electrophoresis, unless otherwise
indicated. Under these conditions and compared with H9 neurons, a faint signal was detected
in A10 cell lysates (Figure 6.3A), possibly due to the weak cross reactivity of anti-TrkB with
TrkC in the absence of DTT or of a minor TrkB isoform encoded using an alternative initiation
codon (see Chapter 8). Crucially, TrkC was detected at comparable levels in A10 neurons
relative to H9 at the protein level (Figure 6.3B). Using quantitative RT-PCR, NTRK3 (TrkC)
MRNA levels were also found to be comparable across all clones tested, whether targeted,

untargeted or wild-type (Figure 6.3C).

Further analyses with TrkC antibodies revealed that TrkC receptor levels were similar in B1
and C9 neuronal lysates (Figure 6.3E). Additionally, it was confirmed that despite the fact that
B1 and A10 had been differentially targeted (see Chapter 5), they both lacked clearly
detectable levels of TrkB protein (Figure 6.3D), yet both expressed similar levels of TrkC,

comparable to those observed in H9 and C9 neuronal lysates.
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Figure 6.3. Expression of TrkC, but not TrkB in neurons generated from hESC
targeted clones.

Western blots of H9 and A10 lysates probed with anti-TrkB and anti-TrkC antibodies. Unless
otherwise indicated, samples were not denatured in the presence of DTT (see Chapters 3 and
4 for discussion). TrkB is readily detectable in wild-type H9 but not NTRK2 targeted A10 (A)
whereby TrkC is expressed at similar levels in H9 and A10 (B). Using RT-qPCR, TrkC mRNA
levels were found to be expressed at similar levels for both differentially targeted clones A10
and B1, and non-targeted C9 relative to wild-type H9 (n = 3) (C). The faint signal observed
with the lysates of A10 neurons (A) probed with anti-TrkB may reflect a weak cross-reactivity
of the TrkB antibodies with TrkC (see Chapter 4) or else a TrkB isoform using an alternative
initiation codon. (D, E) Western blots with lysates of C9 (untargeted) neurons and B1
(targeted) neurons probed with TrkB and TrkC antibodies respectively. Note that TrkB is
readily detectable in untargeted C9 lysates, but not in B1 targeted lysates. The nature of the
band in the red circle seen in (D) is unknown but was concluded to be an artefact due to its
presence on both blots (D) and (E) and unexplainable high molecular weight. As with H9 and
A10, TrkC was readily detectable in both C9 and B1 lysates when DTT was not used (E). (F),
(G), (H) and (I). are Ponceau stains corresponding to (A), (B), (D) and (E). respectively.
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The possible presence of activatable forms of TrkB was then investigated using neurons
derived from the A10, B1 and C9 clone. To this end, neurons were exposed to BDNF, with
A10 neurons also being exposed to the TrkB-activating antibody ZEB85 and the anti-TrkB
antibody used for the detection of TrkB, following the surprising observations that it also
activated TrkB (see Chapter 4, Figure 4.4A). As expected, a Trk phosphorylation signal was
not detected following the addition of BDNF to A10 and B1 neurons (Figure 6.4A and B)
whereby untargeted C9 had clearly retained ligand-activatable TrkB (Figure 6.4B). In the case
of A10, treatment with ZEB85 and anti-TrkB further confirmed that ligand activatable TrkB was
no longer present (Figure 6.4A). In addition, a phosphorylation signal was detected following
the addition of NT3 to all cell lines (Figure 6.4A and B), indicating that these TrkC-expressing
neurons responded to NT3 as expected, in spite of the absence of ligand-activatable forms of
TrkB in A10 and B1.
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Figure 6.4. Lack of TrkB activation by multiple ligands.

Lysates of A10, C9 and B1 were treated with various ligands and separated by SDS gel
electrophoresis. The membranes were probed with anti-phospho-Trk (upper panels) or the
neuronal marker anti-synaptophysin (lower panels). The various ligands (indicated) were
added to neurons at the indicated concentrations for 1 hour before cell lysis. Note the inability
of any of the 3 TrkB activators to trigger Trk phosphorylation in A10 neurons whilst NT3 clearly
triggers a P-Trk signal due to TrkC phosphorylation (A). Also note the inability of BDNF to
generate a P-Trk signal in B1 neurons (B), a clone that is behaving similarly to A10 but that
has been targeted differently according to the results of DNA sequencing. Last, even though
the C9 hESCs went through the same procedure as A10 and B1, they somehow escaped the
targeted deletion of TrkB and behave similarly to wild-type H9 neurons (B). Note that the B1
and C9 data was reproduced 3 times with 3 independent differentiations and the A10 data
was consistently reproduced throughout the project.
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Having established that the kinase domain of TrkC can be activated in neurons derived from
hESCs successfully targeted at the NTRK2 locus, it was important to determine the proportion
of neurons expressing TrkC within the culture. Whilst the results presented in Chapter 3 and
in this Chapter indicate TrkC expression at the protein level (in addition to the gene expression
data), whether most or all neurons expressed TrkC in A10 cultures remained to be shown. To
this end, A10 neuronal progenitors were plated at low density on coverslips and stained with
either B-llI-Tubulin, a previously validated anti-TrkC monoclonal antibody (Takahashi et al.
2011), or anti-TrkB as a further validation of the absence of the extracellular domain of TrkB
in A10 neurons. No staining in neuronal processes was observed for anti-TrkB in A10 cells
(Figure 6.5 upper left panel) with the TrkB staining in A10 cells resembling the goat 488
secondary only control (Figure 6.5, middle panel) meaning that the form of TrkB recognised
by the TrkB antibody (i.e. the TrkB ECD) was not present in A10 cells. TrkC staining also
revealed a punctate staining (Figure 6.5 lower left panel) (also shown in Chapter 3 with H9
neurons, Figure 3.7) as previously reported (Takahashi et al. 2011). Incubation with the
fluorescent-labelled, rabbit secondary antibody (Figure 6.5 lower middle panel) failed to reveal
any staining in neuronal processes (see Chapter 3, Figure 3.7). Quantification of Tuj1-positive
cells (Figure 6.5, upper right panel) and TrkC-positive cells revealed that the mean number *
SEM of Tuj1-positive and TrkC-positive neurons were virtually identical: 72.8 £ 1.6 and 73.7
2.0 for neurons stained with TrkC indicating that essentially all A10 neurons expressed TrkC.
As shown in Chapters 3 and 4, as with H9 neurons, the identity of the DAPI-positive, Tuj1-
negative signals was concluded to correspond to the nuclei of dead cells via phase contrast
observation (Figure 6.5 bottom right panel, red arrows) confirming the homogeneity of the

culture system and that therefore essentially all neurons express TrkC.
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Goat 488

Figure 6.5. Expression of TrkC by A10 neurons: Immunofluorescence.

A10 neuronal progenitors were plated at low density on coverslips and stained with anti-TrkB
(upper left panel), the TrkC monoclonal antibody also used in Chapter 3 (lower left panel) or
a B-lll-Tubulin (Tuj1) antibody (upper right panel). Upper and lower middle images were
obtained by omitting incubation with the primary antibodies. Staining of A10 neurons with the
TrkB antibodies (upper left panel) does not show any staining of neuronal processes. Apparent
cell body staining is also seen with the anti-goat secondary antibody only (upper middle panel).
By contrast, the anti-rabbit secondary antibody only gives a barely detectable signal (lower
middle panel). The mean number £ SEM of Tuj1-positive neurons for A10 was 72.8 + 1.6 and
73.7 £ 2.0 for neurons stained with TrkC. The bottom left panel shows a phase contrast image
of A10 neurons on coverslips and examples of dead cells within the culture are indicated by
the red arrows.

94



6.3. Short discussion

The main conclusion of this Chapter is that the hESC clones targeted at the NTRK2 locus
allowed the generation of neurons expressing TrkC, at levels comparable to those observed
in neurons generated from non-targeted hESCs. Crucially, no activation of TrkB was detected

using 3 different TrkB activators (Figure 6.4A).

Two of these clones (A10 and B1) were analysed in some detail and found to behave
identically despite their differential targeting with regard to their ability to generate progenitors
and subsequently neurons expressing comparable levels of synaptophysin with H9 and C9
neurons. The similarities between the C9 and H9 clones indicated that the properties of these
cells had not been measurably affected by the CRISPR procedure including the FACS sorting

process, neither with regard to growth rates nor ability to generate neurons.

Given previous work indicating that TrkC is a dependence receptor, i.e. that it can cause the
death of cells in the absence of a ligand (Tauszig-Delamasure et al. 2007; Nikoletopoulou et
al. 2010), a property not shared with TrkB, it was important to establish that similar numbers
of progenitors and neurons could be generated from hESCs expressing only TrkC and not
TrkB. No differences in cell numbers were observed, possibly due to the use of Rho-kinase
inhibitor included in the differentiation procedure (see Material and Methods) and/or lower
levels of expression of TrkC expression compared with previous studies where TrkC
expression was found to cause cell death (Tauszig-Delamasure et al. 2007; Nikoletopoulou et
al. 2010). It cannot be excluded that TrkC expression in the absence of TrkB may lead to
increased cell death, but the additional finding that the levels of synaptophysin does not seem
to vary between cell lines whether targeted or untargeted (see above), suggests that TrkC

does not act as a death-inducing receptor in this context.

In line with the absence of ligand-activatable forms of TrkB (Figure 6.4), Western blot as well
as immunocytochemistry experiments confirmed the absence of detectable TrkB in neurons
derived from A10 hESCs. By contrast, TrkC was expressed at similar levels and crucially could
still be activated by NT3. A lack of phosphorylation in response to multiple TrkB ligands (Figure
6.4A) was important, as the ligands used bind to different parts of TrkB (see Chapter 4),
suggesting that the targeting event had eliminated most, if not all of the TrkB ECD. Indeed,
ZEB85 binding was mapped close to the transmembrane domain (see Chapter 4, Figure 4.4B
and C). Despite these results, the lack of TrkB activation and of a TrkB signal in Western blot
or immunocytochemistry experiments does not imply that all isoforms of TrkB protein have
been eliminated by the CRISPR/Cas9 procedure as the gRNAs did not target the TrkB
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promoter. Indeed, minor alternative promoters encoding intracellular forms of TrkB have been

described in the developing human brain (Luberg et al. 2010a).

In summary, this chapter demonstrates that a cell line possessing ligand activatable TrkC and
not TrkB has been generated. In addition, combined with the negligible values of TrkA and
p75 mMRNA levels (see Chapters 3 and 8) in this cellular system allows NT3-mediated TrkC
signalling to be investigated without the complications of autophosphorylation of Trk receptors

(see Chapter 3) and NT3-mediated activation of receptors other than TrkC.
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Chapter 7 - Trk activation by NT3 in neurons lacking

activatable forms of TrkB

7.1. Short Introduction

The generation of a cellular model lacking ligand-activatable TrkB permitted NT3-mediated
TrkC signalling to be studied without the problems resulting from concomitant TrkB activation.
As no such models have been available thus far, the key question of the concentrations of
NT3 needed to activate TrkB in neurons could not be answered. Accordingly, the main
objective of this Chapter was to use A10 neurons exposed to increasing concentrations of
NT3 and to quantify Trk activation using anti-P-Trk antibodies. The second objective was to
compare the A10 results with those obtained with H9 neurons and increasing concentrations
of BDNF and of NT3. A third objective was to explore whether the loss of P-Trk signal observed
with neurons upon prolonged exposure to BDNF (Merkouris et al. 2018) would also be
observed with NT3.

97



7.2. Results

7.21. Trk activation by NT3: Dose-responses and comparison between A10 and H9

neurons

Following the generation of the A10 cells lacking ligand-activatable TrkB, and after ensuring
that the cells could be successfully differentiated into neurons and validated in terms of TrkC
expression, a dose-response was established using increasing concentrations of NT3 with Trk
tyrosine phosphorylation (P-Trk) as a target, using the same anti-P-Trk antibody as in the
previous chapters. A10 neurons were treated with NT3 for 1 hour, the cells then lysed and
analysed by Western blotting with membranes probed with anti-P-Trk (Figure 7.1) as well as
the previously used synaptophysin antibody. Remarkably, a NT3-induced phosphorylation
signal could be detected at concentrations as low as 10 pM (Figure 7.1A). Saturation also
occurred at a much lower concentration than with CHO cells, i.e. 100 pM for neurons
compared with 2 nM for CHO cells (Figure 7.1 and compare with Chapter 3, Figure 3.8A). The
EC50 for NT3 using A10 neurons and P-Trk signal intensity as readout was estimated to be
around 40 pM, more than an order of magnitude lower than with TrkC expressed in CHO cells
(see Chapter 3, Figure 3.8A).
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Figure 7.1. TrkC activation by NT3 in A10 neurons: dose response.

A10 neurons were treated with increasing concentrations of NT3 for 1 hour and the lysates
separated by SDS gel electrophoresis. Western blots were probed with anti-P-Trk (A upper
panel and B) and/or cut horizontally and probed with anti-synaptophysin (A lower panel). Note
that the phosphorylation signal appears to saturate at 100 pM NT3. (C). shows a Ponceau

stain corresponding to (B).
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A comparative NT3 dose-response was also performed with wild-type H9 neurons with BDNF
and NT3, also using Trk phosphorylation as read-out (Figure 7.2). As expected, given the
higher levels of expression of TrkB compared with TrkC in H9 neurons (see Chapter 4, Figure
4.5 and Figure 4.6), compared to NT3, BDNF induced a significantly higher level of
phosphorylation at low ligand concentrations (Figure 7.3A). At higher concentrations of NT3
(400 pM and above), the P-Trk signal elicited by NT3 markedly increased. The densitometry
analysis of the band intensity of the phosphorylation signal induced by NT3 in both H9 and
A10 neurons confirmed a comparable signal intensity until the NT3 concentration exceeded
100 pM (Figure 7.3B). In A10 neurons, TrkC phosphorylation saturated at 100 pM (see above),
but continued to increase in H9 neurons. This was an expected result given that H9 neurons
express ligand-activatable TrkB whereas A10 do not. The similarities between H9 and A10
neurons with regard to the intensity of the P-Trk signal up until 100 pM NT3 suggested that at
concentrations lower than 100 pM NT3 selectively activated TrkC whereas at higher

concentrations, NT3 also activates TrkB.
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Figure 7.2. Trk activation by BDNF and NT3 in H9 neurons: dose response.

H9 neurons were treated with the indicated low (A) or high (B) concentrations of BDNF or NT3
for 1 hour and the lysates were separated by SDS gel electrophoresis. Membranes were cut
horizontally and incubated with either anti-P-Trk (upper panels) or anti-synaptophysin (lower
panels). (A). Note that the lowest NT3 concentration generating a quantifiable signal was 10
pM (see Figure 7.3)
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Figure 7.3. Quantification of Trk activation by NT3 and BDNF in H9 and A10 neurons.

Densitometric analysis of the BDNF and NT3 dose responses in H9 neurons (A) and
comparison of the NT3 dose-responses between H9 and A10 neurons (B). The error bars
refer to SEM and significance indicated with asterisks: ***p < 0.001, **p < 0.01 and ns = p
>0.05. For H9, 10 pM BDNF n =6, 40 pM BDNF n =6, 100 pM BDNF n =9, 400 pM BDNF n
=4, 10 pMNT3n=7,40 pMNT3 n=7,100 pM NT3 n =10, 400 pM NT3 n =4. For A10, 10
PM NT3 n=12,40 pM NT3 n =11, 100 pM NT3 n = 20, 400 pM NT3 n = 8.
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7.2.2. Time-dependent activation of Trk receptors

It has been previously observed that prolonged (24 hour) exposure of H9 neurons to high
concentrations of BDNF (2 nM) leads to an almost complete loss of the P-Trk signal (Merkouris
et al. 2018). Likewise, prolonged exposure to NT3 in A10 neurons also led to an almost
complete loss of the P-Trk signal (Figure 7.4A) and the TrkC receptor itself was barely
detectable after 24 hours (Figure 7.4B). The observation that both TrkB and TrkC were
subjected to this ligand-induced loss of signal, both with regard to phosphorylation and
receptor raised the question of whether the receptors were down regulated by their respective
ligands by separate pathways, or if they were co-down regulated, for example if they would

associate as receptor clusters.
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Figure 7.4. Loss of TrkC phosphorylation following prolonged exposure of A10
neurons to NT3.

A10 neurons were exposed to 400 pM NT3 and lysed at the times indicated. The lysates were
separated by SDS gel electrophoresis and incubated with anti-P-Trk (upper panel) and anti-
synaptophysin (lower panel). Note the dramatic loss of P-Trk signal as early as 6 h after NT3
treatment (A) and the almost complete loss of TrkC protein signal after 24 hours (B). Lysates
in (B) were not treated with DTT. (C). shows a Ponceau stain corresponding to (B).
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In line with previous results (Merkouris et al. 2018 and unpublished), the re-addition of BDNF
after 24 hours at the same concentration (2 nM) failed to rescue the P-Trk signal, suggesting
that TrkB may no longer be exposed at the cell surface in a ligand-activatable form (Figure
7.5A). In line with this, probing these lysates with anti-TrkB revealed that TrkB was indeed
barely detectable after 24 hours (Figure 7.5B). This finding was exploited to test the possibility
that TrkC may be co-downregulated with TrkB. As essentially all neurons co-express TrkB and
TrkC (see Chapters 3 and 4) it is conceivable that the downregulation of TrkB may trigger that
of TrkC, for example if both receptors were to reside in the same patch of cell membrane. To
test this possibility, H9 neurons were treated with BDNF for 24 hours and subsequently
exposed to NT3 for 1 hour. Analysis of the cell lysates probed with anti-P-Trk clearly revealed
the presence of a NT3-induced signal, indicating that the loss of ligand-activatable TrkB does
not impact the ability of TrkC to be activated by NT3 (Figure 7.5A). A further experiment
addressing protein, as opposed to P-Trk levels confirmed the marked down regulation of TrkB
protein after 24 hours (Figure 7.5B and C) whilst TrkC was still detectable, albeit at somewhat

lower levels (Figure 7.5C).
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Figure 7.5. Loss of TrkB phosphorylation following prolonged exposure of H9 neurons
to high concentrations of BDNF and rescue of a Trk phosphorylation signal by NT3.

H9 neurons were treated as indicated and the lysates separated by SDS gel electrophoresis.
Following transfer, the membranes were processed as indicated above. Note that whilst the
re-addition of 1 nM BDNF (A) fails to reactivate TrkB, the signal generated by NT3 is
unaffected by the BDNF pre-treatment. (B) and (C) TrkB protein is barely detectable after 24
h exposure to 1 nM BDNF whilst TrkC remains detectable. Lysates in (B). and (C). were not
treated with DTT. These results were reproduced in 3 independent differentiations.
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Given the growing interest in activating Trk pathways to restore deteriorating neuronal function
in humans (see General Introduction), the hypothesis was then tested if the loss of P-Trk
signal following prolonged exposure of the neurons to saturating concentrations of BDNF
(Figure 7.5A) might be concentration-dependent. To this end, neurons were exposed to lower
BDNF concentrations, 40 pM instead of 1 nM, and BDNF re-added at the same low
concentration 24 hours later. Whilst the initial signal elicited by 40 pM BDNF had disappeared
after 24 h (Figure 7.6) the re-addition of BDNF at the same 40 pM was sufficient to restore a

clearly detectable P-Trk signal.
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Figure 7.6. Phosphorylation of TrkB following prolonged exposure of H9 neurons to
low concentrations of BDNF can be recovered upon re-exposure to BDNF.

H9 neurons were treated with BDNF as above and the lysates separated by SDS gel
electrophoresis. The membrane was cut in half and probed with anti-P-Trk (upper panel) and
anti-synaptophysin (lower panel). Note that when lower concentrations of BDNF are used,
reactivation of TrkB is possible after 24 hours.
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7.3. Short discussion

The main conclusion of the results presented in this Chapter is that when expressed in human
neurons, TrkC (see Figure 7.1 and General discussion), can be activated at much lower
concentrations of NT3 in A10 than is the case when TrkC is expressed in CHO cells (see
Chapter 3, Figure 3.8A), with ECsos of about 40 versus 400 pM. The similarity of the NT3 dose-
responses between H9 and A10 neurons until 0.1 nM NT3 suggests that TrkC activation also
occurs at similarly low NT3 concentrations when TrkC is co-expressed with TrkB, as is the

case with H9 neurons (Figure 7.3B).

In A10 neurons, the P-Trk signal saturates at 0.1 nM, suggesting that TrkC phosphorylation
cannot be increased by NT3 any further. In H9 neurons, phosphorylation continues to increase
as with increasing NT3 concentrations, most likely because of the ability of NT3 to also activate
TrkB at high NT3 concentrations. These results also show that TrkB activation by NT3 in
human neurons requires higher concentrations than is the case when TrkB is expressed in
CHO cells (see Chapter 3, Figure 3.8B). It thus appears that the selectivity of TrkB increases
when the receptor is expressed in a neuronal context whilst the affinity of TrkC for NT3
increases. At present there are no molecular explanations accounting for these findings that
are likely to be relevant with regard to receptor selectivity and affinity in the developing brain
(see General discussion). It is conceivable that specific components expressed in neurons,
but not for example CHO cells, might associate with Trk receptors and increase ligand affinity
and specificity. For example, the co-expression of p75 with Trk receptors has been reported
to increase the binding affinity of NGF for TrkA (Hempstead et al. 1991) and the selectivity of
TrkB for BDNF compared with NT3 as well as NT4 (Bibel et al. 1999b). In addition, the
localisation of receptors in neuronal processes may be part of the explanation. Indeed, the
TrkC and TrkB immunofluorescence images (see Chapter 3 and Chapter 4, Figure 3.7 and
Figure 4.3 respectively) indicate that the majority of the receptors are localised in neuronal
processes. Thus, bulk measurements of Trk phosphorylation likely reflect biochemical events
taking place in neuronal processes rather than in cell bodies. It is thus conceivable that
neuronal processes contain molecules such as those associated with the cytoskeleton that
may be underrepresented when only cell bodies are examined with regard to Trk receptor

activation as is the case when Trk receptors are expressed in vectors such as CHO cells.

Even though TrkB and TrkC show the same distribution in neurons and their processes (see
above), they do not seem to be tightly associated in a molecular complex, at least not the
degree that the downregulation of one receptor leads to the downregulation of the other. In

particular, whilst the P-TrkB signal was lost following prolonged exposure to BDNF, TrkC could
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still be phosphorylated by NT3 (Figure 7.5A). Despite this, the levels of TrkC do appear to be
lower after long exposure to BDNF (Figure 7.5C). There is no clear explanation for this finding
whereby such changes did not measurably impact the ability of TrkC to be phosphorylated by
its ligand. It is conceivable that prolonged exposure to saturating BDNF concentrations may
progressively trigger internalisation pathways that may act on both TrkB and TrkC leading to
the internalisation and degradation of both receptors. Prolonged activation of TrkB by high
concentrations of BDNF may result in an overactivation of this degradation pathway thus
resulting in the progressive co-internalisation of a proportion of TrkC. Likewise, the loss of the
P-Trk signal following prolonged exposure to NT3 (Figure 7.4A), follows the same temporal
pattern as the loss of P-Trk signal after prolonged (24 hour) exposures to BDNF (Figure 7.5)
(Merkouris et al. 2018). Mechanisms involved in the downregulation of TrkB have been
extensively investigated and are thought to involve ubiquitination and proteasome degradation
(for review, see Sanchez-Sanchez and Arévalo 2017). In addition, calpain-mediated cleavage
of TrkB has been proposed to play a role as degradation of the receptor was found to be
prevented by calpain inhibitors (Jeronimo-Santos et al. 2014). These authors mapped a juxta
membrane calpain cleavage site in TrkB that is neither present in TrkA nor in TrkC, suggesting
that mechanisms other than calpain-mediated cleavage may account for the decrease of TrkC
signal following prolonged exposures of the neurons to NT3 (Figure 7.4B). This loss of TrkC

signal further validates the notion that it is really TrkC that is involved in NT3 signalling.

The question of the loss of Trk activation following prolonged exposures to Trk activators is
important in the context of potential therapies involving the activation of these pathways using
for example Trk receptor agonists such as ZEB85 (Merkouris et al. 2018). Given this context,
it is interesting to note that the previously reported loss of TrkB phosphorylation following
exposure to saturating concentrations of BDNF (Merkouris et al. 2018, see also Figure 7.5A)
was not observed when lower (40 pM) concentrations of BDNF were used that did allow Trk

receptor re-activation after 24 hours using the same 40 pM concentration (Figure 7.6).

The main new findings of this chapter are that TrkC can be activated at very low
concentrations of NT3, as low as 40 pM, and that this is likely also the case in neurons co-
expressing TrkB as is the case in most neurons in the human brain. Remarkably and
unexpectedly, TrkB activation by BDNF in H9 requires higher concentrations, with EC50s of
about 200 and 40 pM for BDNF and NT3 (see General discussion for the implications of these

findings in the context of in vivo assembly of neuronal circuits) (Merkouris et al. 2018).
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Chapter 8 - Transcriptional changes downstream of TrkC

activation by NT3 and comparison with TrkB activation

8.1. Short Introduction

The availability of the A10 neurons opened the possibility to determine the transcriptional
changes downstream of TrkC activation by NT3 and comparisons to be made with those
caused by TrkB activation (Merkouris et al. 2018). This previous study with H9 neurons
compared 3 different TrkB ligands and all were found to cause very similar transcriptional
changes (Merkouris et al. 2018). As Trk signalling elicited by NT3 in the absence of TrkB
activation could not be studied thus far, the main objective was to determine gene transcription
changes caused by NT3 addition to A10 neurons. Importantly, the absence of TrkB in A10
neurons allowed saturating (2 nM) NT3 concentrations to be used as was also the case in the
previous study of TrkB activation by BDNF (Merkouris et al. 2018). This approach, allows
maximal gene expression changes to be studied whereas lower, presumably more

physiological concentrations may induce changes too subtle and transient to be detected .

8.2. Results

8.2.1. Preparation of samples for RNA sequencing

RNA was extracted from DIV 30 A10 neurons following NT3 addition for 2 and 24 hours. In
parallel experiments, DIV 30 H9 neurons were also used and RNA extracted following BDNF
addition for 2 and 24 hours. Phase contrast images of the H9 and A10 neurons used for the

RNA extraction and subsequent RNA sequencing are illustrated in Figure 8.1.
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Figure 8.1. Images of the cultures used for RNAseq experiments.

Phase contrast images (20 X magnification) of DIV 30 H9 and A10 neurons at the time of RNA
extraction and subsequent RNA sequencing. Samples SA1-SA9 were H9 neurons, and
samples SA10-SA18 were A10 neurons. All neurons had the desired morphology. Ligand
treatment times are indicated on the images and all ligands were added at a concentration of
2 nM. Each treatment was performed in triplicate.
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Following extraction, RNA was quantified and checked for quality by running a small volume
on an acrylamide gel and determining the ratio between the 28S and 18S ribosomal subunits
(Figure 8.2B). The result was expressed as an RNA Integrity Score (RINe score) and used to
determine the overall quality of the input RNA. All samples exceeded the minimum
recommended score for RNA sequencing of 7 and were deemed suitable for RNA sequencing
(Figure 8.2A).

Following RNA sequencing (see Material and Methods) the files were trimmed and processed
and a PCA analysis performed as an indication of whether or not the triplicates would cluster
together. Except for sample (SA1 — H9 no treatment) that was then left out from the
subsequent analysis, clustering was deemed acceptable (Figure 8.3). Due to this no-treatment
outlier, the results obtained with H9 neurons were found to be too variable between ftriplicates,
including in the expression of key neuronal markers. This critical assessment led to the
inclusion of the previous data set in the comparison, given that these data showed tight
clustering of the triplicates in the corresponding PCA analysis and had been validated by the

concomitant use of 3 different TrkB activators (Merkouris et al. 2018).

111



Al B1 (o] D1 E1 F1 G1 H1 A2 B2 Q D2 E2 F2 G2 H2 A3 B3 c3

IR — S — — — { 1 o

RIN® RIN® RIN® RIN® RIN® RIN® RIN® RIN® RIN® RIN® RIN® RIN® RIN® RIN® RIN® RIN® RIN®  RIN®
B8N ISR RSN BENEN EEREN BOIUN ESiHN ESNEN ESSeN ESGE RSSEN RSN ISR REGN RSSE RSN ESGN M6

)
‘lv@’

3500 4

3000 4

2500 4

2000 4

1500 4

1000 4

Sample Intensity [Normalized FU]

500 A /./-/V

| Well | RINe | 28S5/18S (Area) | Conc. [ng/ul] | Sample Description Alert Observations
[ B | 9.9 [ 2.6 | 30.5 [SAl

Figure 8.2. Tapestation analysis of RNA samples.

A small volume of RNA was run on an acrylamide gel and quality and quantity assessed using
a Tapestation (Agilent). Each RNA sample was analysed by Agilent software and assigned a
quality score (RINe) based on the ratio between the 28S and 18S ribosomal subunits. The
software analysed the bands shown on the gel (A). Two clear peaks at 28S and 16S indicated
minimal contamination and overall good quality RNA samples. An example of this is shown
for a sample with a RINe score of 9.9 (B).
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Figure 8.3. Principal Component Analysis (PCA) on all RNAseq samples.

PCA shows gene expression between different controls and treated samples. Each dot
represents a treatment i.e. a single well and triplicates are designated the same colour (B).
PCA indicates clustering of triplicates of the same treatment except sample ‘SA1 H9 no
treatment’. Visualisation of ftriplicate clustering, and lack thereof (B, red oval) and the
similarities between each treatment in terms of gene expression is also shown (A).
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8.2.2. Comparison of gene expression between untreated H9 and A10 neurons

As expected, only background levels of NTRK1 (TrkA) and NGFR (p75) were detected in A10
neurons, in line with the previous RNAseq analysis performed with H9 neurons. By contrast,
NTRK2 (TrkB) mRNA was still readily detectable in A10 neurons. This was expected as it was
not the NTRK2 promoter that was targeted by the guide RNAs (see Chapter 5), a near
impossible task given the multitude of promoters and splice variants described for human
NTRK2 (Luberg et al. 2010b). The strategy chosen was instead to target the NTRK2 initiation
codon and as detailed in Chapter 6, none of the 3 TrkB ligands examined generated a P-Trk
signal (Figure 6.4). Furthermore, TrkB protein was hardly detectable in neuronal lysates, with
the weak signal possibly the result of cross-reactivity with TrkC (see also Chapter 6, Figure
6.3A). These results indicate that successful translation initiation of activatable TrkB could not

be achieved at significant levels with the NTRK2 mRNA present in these neurons.

In line with the previous study with H9 neurons (Merkouris et al. 2018), a large number of
expected neuronal markers were found to be expressed at significant levels, including
DARPP-32 (PPP1R1B), CTIP2 (BCL11B), FOXP1 (FOXP1), FOXP2 (FOXP2), GAD65
(GAD2), GAD67 (GAD1) and the dopamine receptor D2 (DRDZ2). Importantly, the untreated
H9 and A10 cells were found to be strikingly similar in terms of global gene expression, in
spite of the time elapsed between the 2 different sets of experiments (4 years), the involvement
of different experimentators and the unavoidable variability in cell culture reagents. In the
absence of exposure to either BDNF or NT3, amongst the genes expressed at significant
levels in both A10 and H9 neurons, namely 14,824 genes, only 695 and 589 were found to be
preferentially expressed in A10 neurons and H9 neurons respectively (Figure 8.4). This means

that H9 and A10 neurons shared expression of over 95% of genes.
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Figure 8.4. Genes expressed by untreated H9 and A10 neurons.

Venn diagram illustrating the number of genes that are shared and differentially expressed
between untreated A10 and H9 cultures of neurons. The genes presented in this illustration
have been selected based on absolute fold change > 2 and padj < 0.01 by the limma voom
algorithm of the Bioconductor R package. Genes differentially expressed in A10 neurons (695)
are shown in the green circle and genes differentially expressed in H9 neurons are shown in
the orange circle (589). Genes shared between H9 and A10 are indicated in the overlapping
section (13540).

As discussed in the context of neurotrophin receptor expression (see General Discussion),
these results suggest that under the culture conditions used, the differentiation of hESCs into
neurons follows a robust programme that unfolds without detectable interference caused by
unavoidable variations between experiments, including small, but unavoidable variations in
the composition of the cell culture medium and substrate including Matrigel. Beyond the use
of different targeted clones (see Chapter 6), these results also argue for a lack of significant
off-target effects of the CRISPR/Cas9 treatment potentially impacting the interpretation of the
comparisons between the changes caused by the addition of NT3 to A10 neurons compared
with BDNF and H9 neurons.
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8.2.3. Transcriptional changes caused by the addition of NT3 to A10 neurons

A10 neurons were treated with NT3 and the transcription changes illustrated using volcano
plots at 2 (Figure 8.5A) and 24 hours (Figure 8.5B).
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Figure 8.5. NT3-induced changes in gene expression of A10 neurons.

NT3-induced changes in gene expression of A10 neurons at 2 (A) and 24 hours (B). Each dot
represents a gene. Black dots mark the genes with padj value > 0.01 and |log2foldchange| <
1. Orange colour marks the genes with padj value > 0.01 and |log2foldchange| > 1. Green
colour marks the genes differentially expressed between the 2 conditions with padj < 0.01
and |log2foldchange| > 1. A clickable version of these data allowing identification of each gene
as well as a full list of all genes with counts and fold changes will be deposited upon publication
of the results.
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To ease the overview of the results as well as the comparison with BDNF treatment (see
below), the fold changes were plotted and ranked in decreasing order according to their log2
fold change for the 50 genes showing the largest changes observed 2 and 24 hours after the
addition of NT3. This analysis revealed that 2 hours after the addition of NT3, a large
proportion of the changes observed relate to genes involved in synaptic plasticity and
regulated by neuronal activity (Figure 8.6A, red bars). For most genes, increased expression
was transient with some such as JUNB and FOSB for example being even expressed at lower

levels after 24 hours compared with neurons not exposed to NT3 (Figure 8.6B).
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Figure 8.6. Genes most regulated by NT3 at 2 hours and 24 hours based on log2 fold
changes).

Genes up-regulated or down-regulated by NT3 at 2 hours (A) and 24 hours (B) were ranked
by log2 fold changes with padj < 0.01 whereby results with one or more zero raw counts in
any of the triplicates were removed from the analysis. Red bars indicate genes belonging to a
core set of synaptic plasticity genes regulated by neuronal activity (see for example Pruunsild
et al. 2017).
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A comparison with the previous RNAseq data generated with H9 neurons and also treated
with saturating concentrations of ligand (2 nM BDNF treatment for 2 hours) revealed striking
parallels, including a number genes related to synaptic plasticity (Figure 8.7A). Compared with
the results obtained with NT3 addition, the changes in mRNA levels were found to be more
long lasting with BDNF (Figure 8.7B), possibly reflecting the higher levels of TrkB expression
compared with TrkC. As is apparent from the results detailed in Chapter 7, the higher levels
of TrkB expression are also reflected in a considerably stronger P-Trk signal following the
addition of BDNF to H9 neurons, compared with NT3 and A10 neurons.
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Figure 8.7. Genes most regulated by BDNF at 2 hours and 24 hours based on log2 fold
changes.

Genes upregulated or downregulated by BDNF at 2 hours (A) and 24 hours (B) were ranked
by fold changes using the same criteria as for A10 cells following NT3 treatment. Red bars
also indicate genes regulated by neuronal activity in prolonged cultures of hiPSC-derived
neurons (Pruunsild et al. 2017). Non-significant fold changes at 2 hours were noted for:
NFKBIZ, NPAS4, KIFC1, LIMA1, NR4A3 and INSIG1 (Padj < 0.01) and at 24 hours (B), were
noted for: PCSK1, NR4A2, SIK1B, BTG2, NPAS4, LDLR, LIMA1, UBALD1, KIFC1, BMP6,
NPTX1, INSIG1, ATF3, ZNF331, KLF10 and GABRQ.
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The overall conclusion of these experiments is that most of the changes caused by the addition
of NT3 are similar to what has been previously seen with BDNF in TrkB-expressing H9
neurons (Merkouris et al. 2018). In addition, many of the changes are related to genes involved
in synaptic plasticity and are known to be regulated by neuronal activity. Some of the genes
seemingly differently regulated by BDNF and NT3 were further investigated by RT-qPCR
(Figure 8.8), including the activity-dependent, human-specific gene ZNF331. This is a zinc
finger motif gene with no mouse orthologue rapidly induced in hiPSCs as a result of increased
synaptic activity and neuronal depolarisation (Pruunsild et al. 2017). The genes in Figure 8.8
were selected as they appeared to be more up-regulated by NT3 than by BDNF. However,
these additional investigations revealed that this apparent differential regulation of gene
expression by BDNF in H9, and by NT3 in A10 neurons was simply due to their transient
character and could not be confirmed reproducibly using RT-gPCR (Figure 8.8). Presumably,
small differences between experimental conditions with regard to the timing of ligand addition
and RNA extraction could explain this discrepancy as some of these genes react to ligand

additions within minutes.
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Figure 8.8. RT-gPCR of genes thought to be differentially regulated between BDNF-

mediated TrkB phosphorylation and NT3-mediated TrkC phosphorylation.

RT-qPCR performed on RNA derived from H9 neurons after 100 pM ligand treatment. As this
is hypothesised to be the concentration of NT3 that selectively activates TrkC the aim was to
see a ‘TrkC signature’ in wild-type H9 neurons. The differential gene expression between NT3
and BDNF from the RNAseq experiment could not be reproduced when RT-gPCR was
performed. Genes tested- A: ZNF331, B: TRIB1, C: LIMA1, D: NR4A3. The error bars refer to
SEM and significance indicated with asterisks: ***p < 0.001, **p < 0.01 and ns = p >0.05. For

all treatments n = 3.
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These additional results thus further underline the overlap between genes regulated
downstream of TrkB and TrkC activation. As such, temporal differences were to be expected
given the much higher levels of P-Trk following TrkB activation compared with TrkC activation
by NT3.

8.2.4. Validation of the induction of the synaptic plasticity marker ARC following Trk
activation

The immediate early gene ARC (protein designated Arc/Arg3.1) was selected for further
investigations as it has been thoroughly studied in the context of synaptic plasticity and TrkB
activation by BDNF (for recent review, see Zhang and Bramham 2021). A well-characterised
Arc monoclonal antibody was then used to probe membranes of lysates separated by SDS
gel electrophoresis of H9 and A10 neurons treated for 1 hour with BDNF and NT3 respectively.
Compared with basal Arc levels before addition of BDNF or NT3, Arc levels were found to be

quite low and then markedly increased by the addition of either BDNF or NT3 (Figure 8.9A).
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Figure 8.9. Arc is induced by both TrkB and TrkC activation.

Lysates of H9 (left panel) or A10 (right panel) neurons (as indicated) were separated by SDS
gel electrophoresis and probed with an anti-Arc antibody (A). The denaturation step by DTT
was omitted. Note that crucially, NT3 and BDNF induce the expression of Arc protein. Loading
control synaptophysin was not performed in this case due to the similar molecular weights of
synaptophysin and Arc protein whereby the Ponceau stains for both blots are shown (B).
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8.3. Short discussion

Compared with molecular events downstream of TrkB and its activation by BDNF, very little is
known about the role and mode of action of NT3 is the CNS (see General Introduction).
Indeed, BDNF and TrkB have been dominating the neurotrophin signalling field in the CNS for
some time due to the implications of this ligand-receptor pair in the physiopathology of the
CNS. In addition, TrkC signalling is inherently difficult to study owing to the co-expression of
TrkB and TrkC by most CNS neurons, the higher levels of expression of TrkB compared with
TrkC and the ability of NT3 to activate TrkB.

The generation of cells lacking ligand-activatable forms of TrkB made it possible to gain
insights into signalling events caused by NT3 induced Trk phosphorylation and to compare
these results with those previously obtained using the same cellular system downstream of
TrkB activation. By comparison with previous studies examining gene expression changes
downstream of TrkB activation (Traub et al. 2017) or following increased activity in neuronal
cultures derived from iPSCs (Pruunsild et al. 2007) the number as well as the magnitude of
changes reported here are noticeably higher. A likely explanation is the homogeneity of the
cultures, including the findings that all cultured neurons derived from H9 and A10 hESCs

expressed TrkB and TrkC receptors.

The few potential differences in gene expression between NT3-TrkC signalling and BDNF-
TrkB signalling could not be reproduced using RT-qPCR (Figure 8.8). This was not surprising,
given that changes in mRNA expression can be quite transient with for example p > 0.01 for
LIMA1 and NR4A3 mRNA after 2 hours of BDNF treatment. Therefore, the overall conclusion
is that TrkC activation triggers very similar events compared with TrkB activation, with the
potential of these events to be indistinguishable if better control of the exact timing of ligand
addition and RNA extraction could be achieved. As noted, the higher levels of TrkB compared
with TrkC are also bound to impact the respective kinetics of gene activation as many of the
changes observed are the result of transcriptional cascades. A comparatively large number
of changes involved genes related to synaptic plasticity, suggesting that in vivo, NT3 may
trigger the same processes as BDNF with regard to the modulation of gene expression. As
this interpretation raises the question of the biological significance of this dual signalling
system, it is important to note that the availability of NT3 and BDNF is regulated very
differently. As mentioned in the General Introduction, the genes encoding BDNF and NTF3
are organised very differently whereby BDNF expression is primarily regulated by neuronal
activity. This is not the case for NTF3 with hormones such as thyroxine playing a dominant

role.
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Chapter 9 - General discussion

9.1. Overview

The results detailed in the previous chapters indicate that the neurons differentiated from
cultured hESCs express the NT3 receptor TrkC, in addition to the BDNF receptor TrkB. To
prevent TrkB activation by NT3, hESC clones lacking ligand-activatable forms of TrkB were
generated and used to monitor transcriptional changes downstream of Trk activation by NT3.
The justification for this “mass analysis” approach, i.e. the extraction of RNA from all cells
treated or untreated with NT3, was the observation that essentially all cultured neurons
expressed TrkC. The notion that TrkC expression is also functionally relevant in a very large
proportion of the neurons was supported by the magnitude of changes in gene expression, in
excess of 7-fold for over 50 genes 2 hours after NT3 addition. Amongst this large number of
pronounced changes, several genes were identified that are known to be regulated by
neuronal activity and involved in synaptic plasticity. Most of these changes overlap with those
previously reported downstream of TrkB activation (Merkouris et al. 2018), further
emphasising ligand availability, as opposed to events downstream of receptor activation, as
the key feature of a signalling system based the secretion of both NT3 and BDNF. Indeed, the
most novel observation emerging from these studies with human neurons was that NT3
triggered a Trk phosphorylation response at lower concentrations than those of BDNF required
to activate TrkB. The following paragraph discusses some key characteristics of the in vitro
system used here as well as the functional implications of these in vitro observations to the

physiology of the developing brain.
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9.2. Co-expression of TrkB and TrkC in the CNS

The co-expression of TrkB and TrkC in the CNS has been documented in the rodent CNS and
double in situ hybridisation experiments with probes for these receptors and it was concluded
that fewer than 15% of the neurons may express only one receptor (Kokaia et al. 1995).
Comparative in situ hybridisation experiments using adjacent brain sections revealed strikingly
similar patterns of expression throughout the rat brain (Numan and Seroogy 1999). Similar
experiments in the adult pre-frontal cortex have indicated a similar situation in the human brain
(Weickert et al. 2005). Importantly, these studies also reported a reduction of the levels of both
TrkB and TrkC in several layers of the pre-frontal cortex of patients diagnosed with
schizophrenia (Weickert et al. 2005). In a rat model of schizophrenia, activation of TrkB and
TrkC by the agonist LM22B-10 has been recently reported to improve the behavioural
phenotype (Tigaret et al. 2021). The notion that most CNS neurons express both TrkB and
TrkC in humans is also supported by the results of RNAseq experiments published in the Allen
Brain Atlas (Figure 9.1).
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Figure 9.1. RNAseq data showing expression of NTRK3 and NTRK2 mRNA in the human
brain.

RNAseq data showing visualisation of NTRK3 and NTRK2 mRNA expression in the human
brain. These RNAseq data also indicate lower levels of expression of NTRK3 compared with
NTRK2 as well as a lack of NTRK1 and NGFR expression in most of the human brain. Link to
data:

https://celltypes.brainmap.org/rnaseq/human _m1_10x?selectedVisualization=Scatter+Plot&c
olorByFeature=Gene+Expression&colorByFeatureValue=NTRK2

These results further document the relevance of the cellular system used here with regard to
the co-expression of TrkB and TrkC and the lack of expression of p75 and TrkA. As the
protocol used to differentiate hESCs was not designed to generate neurons exhibiting these
specific characteristics of neurotrophin receptor expression, this pattern is a particularly
fortunate feature, presumably reflecting major developmental trajectories unfolding under the
tissue culture conditions used. Unlike many other protocols leading to the generation of
neurons from hESCs or iPSCs, including earlier versions of the protocol (Telezhkin et al.
2016a), no Trk agonists were used at any stage and TrkB and TrkC expressions are not
detectable before about 2 weeks whereby this progressive expression of TrkB and TrkC is not
accompanied by detectable expression of TrkA or p75, in line with the RNAseq data based on

adult human CNS neurons discussed and cited in the above.

126


https://celltypes.brainmap.org/rnaseq/human_m1_10x?selectedVisualization=Scatter+Plot&colorByFeature=Gene+Expression&colorByFeatureValue=NTRK2
https://celltypes.brainmap.org/rnaseq/human_m1_10x?selectedVisualization=Scatter+Plot&colorByFeature=Gene+Expression&colorByFeatureValue=NTRK2

9.3. Trk activation by NT3 in the developing nervous system

9.3.1. PNS

The ability of NT3 to also activate TrkB has been a major problem in the field ever since the
identification of TrkB as a BDNF receptor (see Introduction). Early binding studies performed
with neurons dissociated from embryonic sensory neurons indicated the presence of large
numbers of specific, high-affinity binding sites specific for NT3, but the molecular nature of
these binding sites could not be established (Rodriguez-Tebar et al. 1992). The interpretation
of these findings was further complicated by the observation that the neurotrophin receptor
p75, expressed by most developing PNS neurons forms high affinity binding sites for NT3
(Dechant et al. 1993). The question of whether NT3 can also activate TrkB in vivo, in addition
to TrkC, has been the topic of many studies with mouse mutants carrying Trk receptor
deletions whereby no general conclusions could be reached. Whether or not NT3 can activate
TrkB during development seems to depend on the stage of embryonic development and the
PNS populations studied (Davies et al. 1995; Stenqvist et al. 2005).

9.3.2. CNS

In the CNS, single mouse mutants lacking either TrkB or TrkC did not show the dramatic
phenotype readily observable in the PNS and characterised by the loss of entire sub-
populations of neurons, accounting for the early post-natal death of the mutant animals. The
observations made in the CNS led instead to the conclusion that TrkB and TrkC signalling
might be somewhat redundant (Davies 1994; Minichiello and Klein 1996; Huang and Reichardt
2001). By contrast, more recent experiments involving restricted TrkC deletions as well as the
marking of cells carrying the gene deletion clearly revealed the importance of the activation of
TrkC by NT3 during post-natal development of the CNS (Joo et al. 2014). In particular, the
deletion of TrkC in small numbers of cerebellar Purkinje cells revealed the relevance of
NT3/TrkC signalling in the CNS. Specifically, the dendrites of neurons lacking TrkC failed to
successfully compete with neighbouring dendrites expressing normal levels of TrkC to
colonise the available space in the molecular layer of the cerebellar cortex (Joo et al. 2014).
This observation is particularly relevant in the context of BDNF/TrkB versus NT3/TrkC
signalling as cerebellar granule cells, the most abundant cell type of the brain (Nakashima et
al. 2015) and the source of the input onto the dendrites of Purkinje cells, express both Bdnf
and Ntf3 (Hofer et al. 1990; Lindholm et al. 1993). Furthermore, the same study also shows
that this competition between the dendrites of Purkinje cells is NT3-dependent as the deletion
of NT3 in all granule cells prevents the effect of the sparse deletion of TrkC in Purkinje cells.

These results thus revealed a crucial role for NT3/TrkC signalling in the assembly of a CNS
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circuit also expressing BDNF and TrkB and provide a functional framework to appreciate the
significance of the transcriptional changes caused by TrkB and TrkC activation, including
genes regulated by neuronal activity. Most importantly, the new finding that NT3 activates
TrkC at lower concentrations than is the case for BDNF activation of TrkB helps explain the
activation of TrkC by NT3 in the presence of BDNF.

More generally, the notion of competition for limiting amounts of available growth factors is
established in the peripheral nervous system and is at the core of the explanation for naturally
occurring cell death during development and its regulation by neurotrophic factors (Barde
1989). However, it has been difficult to extrapolate this notion to the CNS, largely because
most gene targeting experiments deleted the neurotrophins or their Trk receptors in all
neurons. A notable exception was the deletion of BDNF from just a few neurons in the cerebral
cortex (English et al. 2012). Unlike the deletion in all neurons, the sparse deletion of BDNF
impaired the dendritic arborisation of these neurons, compared with their wild-type neighbours
(English et al. 2012). Together with the sparse deletion of TrkC (Joo et al. 2014), these results
further substantiate the notion that the neurotrophin-Trk signalling system is likely to operate

at sub-saturating concentrations in vivo.
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9.4. Unique features of the NT3/TrkC signalling system

By comparison with the other molecular components of the neurotrophin/tyrosine kinase
receptor signalling system, both NT3 and TrkC have unique characteristics. On one hand,
NT3 is the most promiscuous ligand as it can bind to and activate the kinase domain of the 3
known Trk receptors in mammals. On the other hand, TrkC is uniquely selective and NT3 its
only neurotrophin ligand. These surprising characteristics may explain why comparatively little
is known about TrkC-mediating signalling in the CNS whereby the most significant
complicating factor is the co-expression of TrkB and TrkC by most CNS neurons. An additional
feature of TrkC not shared with TrkA and TrkB is its binding affinity for the pre-synaptic protein
phosphatase o (PTPo). This particular ligand-receptor pair has been demonstrated to have
“synaptogenic” properties resulting in the formation of glutamatergic synapses (Takahashi et
al. 2011), whereby NT3 potentiates the association between PTPo and TrkC (Ammendrup-
Johnsen et al. 2015). In addition, the TrkC extracellular domain involved PTPo binding was
shown to be distinct from the NT3 binding domain (Takahashi et al. 2011). These previous
results further emphasise the role of TrkC in mechanisms involved in the assembly of the
nervous system and highlight the need to better understand the role of TrkC activation with
regard to regulation of gene expression. In this context, it is noteworthy that several of the
genes whose expression is up-regulated following TrkC activation are known to be involved
in synaptic plasticity. These include a number of genes regulated by neuronal activity including
NPAS4, a basic-helix-loop-helix transcription factor belonging to the family of inducible
immediate early genes (IEGs) activated within minutes of stimulation to regulate the formation
of inhibitory synapses (for review, see Fu et al. 2020). As the major pathway regulating gene
expression by neuronal activity involves the cyclic AMP response element (CRE)-binding
protein (CREB) (for review, see Shaywitz and Greenberg 1999) just as is also the case
downstream of Trk activation, this convergence at the level of changes in gene expression is
not surprising. What remains to be seen is whether Trk activation alters the excitability of the
neuronal network formed by cultured neurons whereby is not clear if functional synapses have
already formed in significant numbers in the relatively young cultures used in this study
(neurons are used between DIV 27 and 33). For example, the Pruunsild et al. 2017 study
reported a small number (slightly in excess of 100) of relatively small changes in cultures that

were maintained for 100 days and depolarised with 4 aminopyridine.
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9.5. Trk activation and transcriptional changes

Throughout the project, the activation of TrkB and TrkC by their corresponding ligands was
monitored using kinase domain activation as a read out and antibodies specifically recognising
phosphorylated tyrosine residues located in what is known as the activation loop of tyrosine
kinase receptors (Cunningham et al. 1997; MacDonald et al. 2000). The sequence targeted
by the antibodies reporting the tyrosine phosphorylation of this activation loop is identical for
the 3 Trk receptors (see Chapter 5, Short Introduction). As a result, the specific identity of
activated Trk receptors, in this case TrkB and TrkC cannot be distinguished using these
antibodies. Despite this, with regard to the monitoring of Trk receptor activation, one of the
questions at the core of the project, these antibodies are invaluable tools. In addition, the 3
Trk receptors can be phosphorylated on tyrosine residues activated by other cell surface
receptors, including G protein coupled receptors (for review, see Lee et al. 2002). These
mechanisms involve the phosphorylation of tyrosine residues outside the activation loop and
are mediated by small tyrosine kinases of the Src family activated by cell surface receptors
such as adenosine or epidermal growth factor receptors (Lee and Chao 2001; Puehringer et
al. 2013). This means that the phosphorylation of tyrosine residues of Trk receptors does not
necessarily mean activation of the kinase domains of the receptors. Whether or not such
mechanisms may play a role in the recent discovery that all antidepressants cause TrkB
phosphorylation is not entirely clear as the study did not use antibodies targeting the kinase

activation loop (Casarotto et al. 2021).

The comparison of the transcriptional changes caused by the addition of either BDNF to H9
neurons or of NT3 to A10 neurons indicate striking similarities (see Chapter 8). Notably, a
number of genes known to be increased by neuronal activity and to play a role in synaptic
plasticity are induced by the addition of BDNF and NT3. These include a number of DNA
binding proteins and transcription factors known as immediate early genes as well one of the
most studied gene products in the context of synaptic plasticity and TrkB activation by BDNF,
namely Arc, also designated Arg3.1 (Bramham et al. 2008; Nikolaienko et al. 2018; Zhang
and Bramham 2021).

Small differences between the pattern and especially the fold-changes downstream of BDNF
and NT3 addition should be interpreted with caution as the changes were analysed at single
time points (see Chapter 8 for further details). As the parallels between the transcriptional

changes induced by increasing the excitability of the cultures and the activation of
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neurotrophin receptors are striking, it would be interesting to investigate whether or not the
addition of neurotrophins modulates the excitability of the cultures. Neurotrophins including
NT3 have been shown to cause increased neurotransmitter release (Lohof et al. 1993; He et
al. 2000) and it is conceivable that such mechanisms may play a role. As such, the parallels
between changes in gene transcription induced by increased activity following neuronal
depolarisation and Trk receptor activation are not surprising given that the pathways converge
on DNA binding elements such as the cAMP response element-binding protein (CREB) that
is phosphorylated following the activation of both pathways (for review, see Shaywitz and
Greenberg 1999). Calcium imaging of the cultures before and after neurotrophin addition may
help answering such questions whereby changes in neuronal activity typically lead to smaller
and fewer transcriptional changes compared with those reported here (see for example
Pruunsild et al. 2017).
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9.6. Outlook

While the neurotrophin field has been increasingly dominated by BDNF because of its
established relevance to the physiopathology of the CNS, especially with the discovery of
mutations and polymorphisms in the BDNF and NTRK2 genes, the work detailed in the above
related to NT3 signalling indicates that NT3 and TrkC are likely to be as relevant to CNS
function as BDNF and TrkB. The parallels between these signalling systems are striking
whereby these investigations were only made possible following the realisation that post-
mitotic neurons can be reproducibly generated from hESCs in unlimited numbers. In addition,
with the core characteristics of receptor expression being strikingly similar to those in the
human brain: Co-expression of TrkB and TrkC coupled with lack of detectable expression of
p75 and TrkA. In the future, it will be interesting to understand the nature of the molecular
cascades leading to the generation of cultured neurons with such relevant properties.
Investigations of these kinds may lead to the discovery of core programmes of differentiation
of human CNS neurons leading to specific patterns of receptor expression, under conditions
where the expression of these receptors is not used to direct the differentiation of these

neurons.
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